bioRxiv preprint doi: https://doi.org/10.1101/483883; this version posted November 30, 2018. 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was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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.

. Evolution of dispersal can rescue populations from

: expansion load

3 Stephan Peischl?*

Kimberly J. Gilbert?>?

s+ 1. Interfaculty Bioinformatics Unit, University of Bern, Baltzerstrasse 6, 3012 Bern,
s Switzerland;

6 2. Swiss Institute of Bioinformatics, 1015 Lausanne, Switzerland;

7 3. Institute of Ecology and Evolution, University of Bern, Baltzerstrasse 6, 3012 Bern,
s Switzerland;

o * Corresponding author; e-mail: stephan.peischl@bioinformatics.unibe.ch.
10 Keywords: expansion load, spatial sorting, range expansion.

11 Manuscript type: Article.


https://doi.org/10.1101/483883
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/483883; this version posted November 30, 2018. 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was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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.

» Abstract

13 Understanding the causes and consequences of range expansions or range shifts has a
14 long history in evolutionary biology. Recent theoretical, experimental, and empirical
15 work has identified two particularly interesting phenomena in the context of species
16 range expansions: (i) gene surfing and the relaxation of natural selection, and (ii) spatial
17 sorting. The former can lead to an accumulation of deleterious mutations at range
15 edges, causing an expansion load and slowing down expansion. The latter can create
19 gradients in dispersal-related traits along the expansion axis and cause an acceleration
20 of expansion. We present a theoretical framework that treats spatial sorting and gene
21 surfing as spatial versions of natural selection and genetic drift, respectively. This model
» allows us to study analytically how gene surfing and spatial sorting interact, and to
23 derive the probability of fixation of pleiotropic mutations at the expansion front. We
2« use our results to predict the co-evolution of mean fitness and dispersal rates, taking
25 into account the effects of random genetic drift, natural selection and spatial sorting, as
26 well as correlations between fitness- and dispersal-related traits. We identify a “rescue
27 effect” of spatial sorting, where the evolution of higher dispersal rates at the leading

2s edge rescues the population from incurring expansion load.
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» Introduction

s Understanding the demographic, ecological, and evolutionary forces that determine the
a1 evolution of a species range has been a central area of research since the early days of
22 evolutionary biology (Darwin, 1859; Sexton et al., 2009). Over the last decade, the fact
;3 that species range expansions impact multiple evolutionary and ecological processes in
s peripheral populations has been thrown into the spotlight both theoretically and empiri-
s cally (see e.g., Bosshard et al., 2017; Brown et al., 2013; Burton et al., 2010; Fronhofer and
s Altermatt, 2015; Gonzélez-Martinez et al., 2017; Hallatschek and Nelson, 2010; Klopf-
57 stein et al., 2006; Peischl et al., 2013; Shine et al., 2011; Travis et al., 2007; Van Dyken
s et al., 2013; Weiss-Lehman et al., 2017). This shift in thinking about the dynamic pro-
3 cesses forming species ranges has led to the observation that evolutionary and ecological
s dynamics at the front of a range expansion can differ considerably from those in the core
s of a species range. The set of traits that allow a species to colonize and expand its range
2 might thus be very different from those that allow a species to successfully persist in
s new habitat. In this work, we study the co-evolution of two traits that are highly rel-
« evant in the context of species range expansion, namely an individual’s fitness and its
s dispersal abilities.

46 A first key process in determining evolutionary processes during a range expansion
s is genetic drift. In a seminal paper, Edmonds et al. (2004) showed that strong genetic
s drift at the front of range expansions can lead to the rapid increase of random neutral
4« variants along the expansion axis, a process now known as gene surfing (Klopfstein
so et al,, 2006). Gene surfing also affects selected variants (Travis et al., 2007) and can
51 lead to an accumulation of deleterious mutations in marginal populations (Hallatschek
52 and Nelson, 2010). This accumulation of deleterious mutations has been been termed
53 expansion load and has been the subject of several theoretical (Gilbert et al., 2017; Peis-
s« chl et al., 2013; Peischl and Excoffier, 2015; Peischl et al., 2015), experimental (Bosshard
ss et al., 2017; Weiss-Lehman et al., 2017), and empirical studies (Gonzalez-Martinez et al.,
ss  2017; Henn et al., 2016; Peischl et al., 2018; Willi et al., 2018). Expansion load stems
s7 from the repeated founder events at expanding wave fronts that reduce the efficiency of
s selection which would otherwise purge most incoming deleterious mutations. In this
5o sense, the evolutionary dynamics at the front of expanding populations are similar to
e that of mutation accumulation experiments (Bosshard et al., 2017). Several factors con-
1 tribute to the dynamics and severity of expansion load. Theoretical work has identified

2 that fast-growing species with low dispersal rates are most likely to accumulate harm-
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&3 ful mutations (Peischl et al., 2013). The distribution of fitness effects and the degree of
s« dominance of mutations also have a strong impact on the evolution of expansion load
65 (Gilbert et al., 2018; Peischl et al., 2013; Peischl and Excoffier, 2015).

66 A second important process that can arise during range expansions is the evolution
o7 of dispersal-related traits (see, e.g., Bouin and Calvez, 2014; Deforet et al., 2017; Phillips
es and Perkins, 2017; Phillips et al., 2006; Simmons and Thomas, 2004; Travis and Dytham,
e 2002), which has been termed spatial sorting (Shine et al., 2011). When a population
70 possesses heritable variation in dispersal abilities, colonists at the range front result dis-
71 proportionately from individuals with greater dispersal propensity. Individuals are thus
22 sorted over space according to their dispersal abilities, with more dispersive individuals
7 at the range edge, similar to the increase in frequency of beneficial mutations over time
7 due to natural selection (Phillips and Perkins, 2017; Shine et al., 2011). Spatial sorting
75 thus increases dispersal propensity at the front as these individuals mate assortatively,
7 potentially accelerating the speed of a range expansion (Burton et al., 2010; Cwynar and
77 MacDonald, 1987; Hughes et al., 2003; Phillips et al., 2008; Travis et al., 2007). Spatial
7s  sorting has most notably been described in the invasive expansion of cane toads (Rhinella
70 marina) across Australia (Phillips et al., 2006), but has been observed in several other sys-
s tems (Fronhofer and Altermatt, 2015; Simmons and Thomas, 2004; Van Ditmarsch et al.,
g1 2013; Weiss-Lehman et al., 2017).

82 A few theoretical studies have focused on the co-evolution of fitness- and dispersal-
s3 related traits during range expansions. Using individual-based simulations, Burton et al.
& (2010) studied the evolution of resource allocation for three life-history traits during
s range expansions: dispersal, reproduction, and competitive ability. They found that
s dispersal and reproductive abilities generally increase on the expansion front, whereas
e7 competitive abilities decrease as compared to the core. Using a deterministic serial
ss founder effect model with discrete demes, Phillips and Perkins (2017) showed that a
s mutation that alters both fitness and dispersal abilities will be positively selected on an
% expansion front if the product of migration rate and fitness is greater than that of an in-
o1 dividual with the wild-type allele. Deforet et al. (2017) study the evolution of expansion
o2 speed using a deterministic reaction-diffusion type model in continuous space, finding
s that a mutation can invade the expansion front if it leads to an increase in expansion
u speed. The expansion speed in their model is proportional to the square root of the
o5 product of migration rate and growth rate, and hence any mutation that increases the

9 product of migration rate and growth rate will be positively selected at the expansion
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o7 front. Despite modelling differences, the conclusions of Phillips and Perkins (2017) and
e Deforet et al. (2017) are strikingly similar, in the sense that the product of fitness (or a
o fitness-related trait such as growth rate) and dispersal rates is what determines whether
100 a mutation is adaptive for expansion or not. The reason for their similar conclusions
w1 is that both studies focus on a deterministic model with two key aspects: the ability of
102 reaching the front (determined by dispersal rates) and the chance of surviving on the
103 front (determined by fitness or growth rates). It remains unclear, however, how genetic
w4 drift, mutation rates, correlations between traits, and the relationship between fitness,
105 growth rates and expansion speed may influence evolutionary dynamics at expansion
106 fronts.

107 There is striking evidence for both spatial sorting and expansion load from experi-
10s mental evolution studies. Using Escherichia coli, Bosshard et al. (2017) has shown that
100 fitness decreased during expansion on agar plates due to a random accumulation of new
1o incoming mutations. Intriguingly, there are signals for an increase in expansion speed
w1 during early phases of the experiment, potentially due to loss of function in genes re-
12 lated to flagella production, which might allow bacteria to reach the expansion front
us more easily (Bosshard et al., 2018). However, in the long term, expansion speed was
s found to decrease over time due to reduced growth rates and competitive abilities, cor-
us roborating theoretical results (Peischl et al., 2015). Van Ditmarsch et al. (2013) performed
ue similar experiments with Pseudomonas aeruginosa where they found strong signals of con-
u7 vergent evolution of a "hyperswarming” phenotype with increased numbers of flagella
us per individual. Even though growth rates in the evolved strains were lower as com-
ue pared to the wild-type, the expanded populations out-competed ancestral populations,
120 seemingly due to their increased dispersal abilities (Deforet et al., 2014). In addition to
11 using different species, another key difference between these two experimental studies
122 is the viscosity of the agar environment, and hence the mechanisms of dispersal in the
123 bacteria. While Bosshard et al. (2017) used solid agar (at a concentration of 1.5% (w/v))
12« where bacteria are “pushed” to the front, Van Ditmarsch et al. (2013) used soft agar (at
125 a concentration of 0.3% (w/v)) that allowed for active dispersal of bacteria via swarm-
s ing. The extent to which these differences have contributed to the different outcomes of
127 the two experiments remains unclear. These examples of disparate outcomes for evo-
1s lution of dispersal and fitness emphasize the need to fully understand the theoretical
120 underpinnings of expansion load and spatial sorting and to identify when they may

130 complement or disrupt each other.
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131 In this study, we derive theoretical expectations for when and how interactions be-
12 tween genetic drift, natural selection, and spatial sorting may unfold. Our framework
133 allows a detailed analytic treatment and can be used to predict the co-evolutionary
134+ dynamics at expansion fronts. A key analytic result is the derivation of the fixation

135 probability of a pleiotropic mutation affecting both fitness and dispersal-related traits.

s Model and Results

137 We model the evolutionary dynamics of allele frequencies at the front of a one-dimensional
138 range expansion, combining the approaches of Peischl et al. (2013, 2015); Phillips and
139 Perkins (2017); Slatkin and Excoffier (2012). Consider an infinite stepping-stone model
uo of demes, labelled d = 1,2,3,...,n. The carrying capacity of each deme is denoted K.
11 Initially, only a subset of demes is colonized, and all other demes are empty. d(t) will
12 denote the most recently colonized deme at time t, which we call the expansion front.
13 Individuals are haploid, and we consider a single locus with two alleles denoted a and
us  A. These alleles can affect either fitness or dispersal rates, or both. Let p denote the
us  frequency of the mutant allele A at the expansion front, that is, in deme dy. Note that
us the dependence on t is omitted for the sake of simplicity. The fitness of wild-type and
17 mutant alleles are denoted w, and w4, respectively, and the selection coefficient s of the
us mutant allele A is given by s = 74 — 1. During the dispersal phase, wild-type individ-
1o uals migrate to neighboring demes with probability m, and mutants with probability
10 m4. Analogous to the selection coefficient s, we define the effect on dispersal rate from
151 a mutant allele as s, = ”n%‘ —

152 A key simplifying assumption in our model is that we model the colonization of
153 new demes as discrete founder events occurring every T generations (see e.g., Peischl
14 et al., 2013, 2015). When a deme is at carrying capacity, a propagule of size F is placed
155 into the next empty deme df(t) + 1. The population then grows exponentially for T
156 generations until the new deme’s carrying capacity is reached. The size of the propagule
157 is determined by the dispersal abilities of individuals at the expansion front. Let 77y =
158 pmg + (1 — p)m, denote the average migration rate in the population. The size of the
150 propagule is then F = Krif /2. The factor 1/2 is due to the fact that individuals migrate
10 to each of the two neighboring demes with the same probability. During the growth
11 phase, migration is ignored. Assuming exponential growth at rate r = log(R), this yields

e T = log(2/mys)/r (Peischl et al., 2013). This model is a good approximation to range

163 expansions with continuous gene flow when growth rates are larger than migration
p g g ) g
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14 rates (Peischl et al., 2013). We also consider the limiting case where r is so large that
15 a deme grows to carrying capacity within a single generation T = 1, independently
16 of the number of founders F. Figure 1 shows a sketch of the model that illustrates
17 how mutations can be positively selected on expanding wave fronts based on either an

168 increase in migration rates (Figure 1A) or an increase in relative fitness (Figure 1B).
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Figure 1: Sketch of the model. A: a mutation with higher migration rate (red) but same
fitness as wild-type individuals (blue). The mutation can increase in frequency at the
expansion front because it is more likely to be among the F founders as compared to
wild-type mutations. B: a mutation with higher fitness than the wild type, but with
same migration rate. The mutation (orange) has the same probability to be among the F
founders as the wild type (blue), but it can spread at the expansion front due to higher
reproductive success during the T generations of growth during which natural selection
acts. In both panels, dark gray circles show the evolution of an equivalent mutation in
the core of the species range for comparison.

160 Fixation of new mutations

170 We show in Appendix A that the probability of fixation of a mutation with initial fre-
1 quency po at the expansion front is given by

374N256P0 _ 1 (1)
e—4Nese — 1 4

12 where we define an effective selection coefficient s, = sT + s, and an effective popu-
173 lation size N, = F. Equation (1) shows that mutations can be under positive selection
74 at the expansion front for two reasons: (i) increasing an individual’s fitness (s > 0) or
75 (ii) increasing the migration rate (s,, > 0). If s, = 0, we recover the fixation probability
76 on the expansion front derived in Peischl et al. (2013). Then, natural selection is most
7 efficient when R is small (Figure 2B) and 7y is large (Peischl et al., 2013, Figure 54B).
s If s = 0, the fixation probability of a mutation modifying the dispersal probability by

7
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7o a factor of 1+ s, is equivalent to that of a mutation with selective advantage s, in a
10 stationary population of size F (Kimura, 1962). This shows that spatial sorting can in-
11 deed be viewed as an analog to natural selection across space as proposed by simulation
12 studies (Shine et al., 2011) and deterministic models (Phillips and Perkins, 2017). Note
13 that our model can be seen as a stochastic version of the model presented in Phillips
1« and Perkins (2017) if T =1, i.e., if a new deme is colonized each generation.

185 In the following we denote mutations with s, > 0 as adaptive for expansion, since
15 they can spread at the front because of the joint actions of natural selection and spatial
187 sorting. We refer to mutations with s, < 0 as maladaptive for expansion since they
18 can only establish via genetic drift. Equation (1) shows that natural selection is most
0o efficient if 7y is large and R is small (see also Peischl et al. 2013). Likewise, spatial
10 sorting is most efficient if 77i; is large because drift during founder events decreases
11 with increasing migration rates (Figure S2). The growth rate R has no impact on the
192 fixation probability if s = 0 (Figure S1), since it only affects the length of the growth
13 phase during which natural selection acts but not the number of founders, F, or the

104 probabilities of individuals to migrate to a new deme.

s Pleiotropic mutations

1vs  We next consider mutations that affect both the fitness as well as the dispersal ability of a
17 carrier. As expected, mutations that increase both fitness and migration rates (s, s, > 0)
108 are always positively selected (solid lines in Figure 2C) and mutations with s, s;, < 0 are
199 always negatively selected at the expansion front (dashed lines in Figure 2A). In both
200 cases, the efficacy of selection for expansion decreases with increasing growth rate R
201 (Figure S2) because the time T during which natural selection can act becomes shorter.

202 If there is a trade-off between fitness- and dispersal-related traits such thats,, <0 <s
203 or s < 0 < sy, the growth rate of the population, R, affects the strength as well as the
204 direction of selection for a given mutation (Figure 2). In general, if growth rates are low,
205 natural selection is more effective than spatial sorting because of the longer periods, T,
206 between consecutive founder events during which selection can act (Figure 2), whereas
207 spatial sorting is only acting during the sampling of new founders (Figure 1). Thus,
28 for low R, fixation probabilities are close to that of mutations with effect s in stationary
200 populations of size F. On the other hand, if R is large such that T is close to 1, both
210 spatial sorting and natural selection contribute equally to the fixation probability (Figure

a1 2), which is then similar to a mutation with effect s + s, in a stationary population of size
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Figure 2: Fixation probability of pleiotropic mutations as a function of population
growth rate. Dashed lines indicate deleterious mutations (negative selection coefficient,
s) while solid lines indicate beneficial mutations.

22 F. We find that a mutation with s > 0 > s, has a higher fixation probability as compared
23 to a neutral mutation (s = s, = 0) if R < m*/* (Figure 2A), and a mutation with
2e 8 < 0 < s, has a higher fixation probability if R > m®/*». Taken together, this means
215 that spatial sorting and expansion load should more readily impact populations with
216 high growth rates, especially if increasing dispersal rates is costly in terms of fitness.

217 Figure 3 illustrates the effect of the average migration rate at the expansion front
28 on the fixation probability of mutations. For very small values of ¢, the number of
219 founders is close to F = 1 and selection for expansion is therefore virtually absent (as in

20 mutation accumulation experiments). The fixation probability is then close to that of a
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Figure 3: Fixation probability of pleiotropic mutations as a function of mean migration
rate at the front. s is the selection coefficient for fitness-impacting mutations while s, is
the selection coefficient for dispersal-impacting mutations.

21 neutral mutation (17 = 0 in Figure 3). As i1y increases (to ~ 0.1 in Figure 3) the fixation
22 probability of a pleiotropic mutation is driven more by the action of natural selection
223 rather than the action of spatial sorting. This is when T is sufficiently large to allow
224 the contribution of natural selection to outweigh that of spatial sorting in the effective
25 selection coefficient s,. For even larger values of f, the time between founder events
226 will decrease as propagule size increases and eventually approach T = 1 such that s and
227 s will contribute equally to the fixation probability. Thus, if s +5,, > 0and s <0 < s,
2s (Figure 3A) or if s +5,, < 0 and s,, < 0 < s (Figure 3B), the direction of selection for
20 pleiotropic mutations may change with increasing 1. A mutation with s < 0 < sy
220 has a higher fixation probability as compared to a neutral mutation (s = s, = 0) if
m M > Ren/s. Conversely, pleitropic mutations with s > 0 and s,, < 0 will have a higher

2 fixation probability as compared to neutral mutations if ¢ < Rsn/s,

10
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23 Co-evolutionary dynamics

214 We next study the co-evolution of mean fitness and migration rates in expanding popu-
235 lations taking into account the interactions of mutation rates, the distribution of fitness
236 effects (DFE) of new mutations, and genetic correlations in fitness and migration-related
237 traits. In the following we assume that selection is soft such that population mean fit-
238 ness does not affect growth rates or carrying capacities. Consequently the parameters
29 T and F are independent of the evolution of mean fitness (cf. Peischl et al., 2015), and
20 following equation (1), the evolution of mean fitness does not impact the evolution of
21 migration modifiers. However, the amount of migration into new empty demes affects
22 both the parameters F and T (Peischl et al., 2015), which in turn determine the efficacy
23 of selection and the strength of drift at the expansion front. We approximate the evolu-
24 tion of mean fitness and migration rate, analogous to the model in Peischl et al. (2015),
s and consider mutations that can affect both migration rates and fitness simultaneously.
26 Let u(s,s,) denote the mutation rate of mutations with effect s on fitness and s,, on the
27 migration rate. We assume that s and s, are drawn from a bi-variate distribution with
2#s mean 5 and 5,, variance Vs and V,,, and correlation p. Appendix B shows that we can

29 approximate the dynamics of mean fitness and migration rate at the front by

Zg(t) = w(t)u [(F() = 1) (pv/VaVe + T()V; ) +5] 2)
250 and

g (t) = g (D | (F(5) = 1) (pv/VVeT(8) + Vin) + 5], 3)

st where F(t) = Kiig(t)/2, T(t) = log(2/7s(t))/r and u is rate at which new mutations
22 occur per individual and generation.

253 In general, the mean mutational effect of mutations affecting fitness will be negative
a4 (5 < 0) as most new incoming mutations are deleterious (Eyre-Walker and Keightley,
25 2007). Thus, expansion load will generally occur unless one of the following is true:
26 the variance of the distribution of fitness Vs is sufficiently large (thus increasing the
257 proportion of beneficial variants in the DFE, see also Peischl et al. 2013), the covariance
s of a mutation’s fitness effects with effects on migration related traits is positive and
20 sufficiently large, or the carrying capacity of demes at the expansion front is sufficiently
20 large. A negative correlation between fitness-related and migration-related traits can

261 increase the chance for expansion load to occur.

11
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262 Spatial sorting is expected to occur if there are sufficiently many new mutations
23 that increase migration rates (5,;, or V;, large), if mutations that increase migration rates
24 also increase fitness (o > 0), or if population size is sufficiently large. If fitness- and
25 migration-related traits are independent, that is p = 0, then 5,, > 0 implies that migra-
26 tion rates will always increase at the expansion front. If there is, however, a trade-off
27 between migration- and fitness-related traits such that p < 0, the average migration rate
%s at the front can decrease despite 5,, > 0. Thus, if an increase in migration is costly
29 in terms of fitness, expansion load can constrain spatial sorting. A positive correlation
20 between effects on migration and fitness (p > 0) will generally increase the chance for

2an1 spatial sorting to occur, as well as reduce the chance for expansion load to accumulate.

22 Evolution of dispersal can rescue expanding populations

213 While a detailed analytic analysis of egs. (2) and (3) is mathematically challenging and
2 beyond the scope of this paper, we can gain some intuition from the case when growth
s rate is strong such that newly colonized demes reach carrying capacity within a single
e generation (T = 1). This is usually the case when r >> 1. Here, we find that @y

277 increases over time if

mf >mcrit,w:2/K(1_§/(Vs+p\/ stm)) (4)

278 and m;y increases over time if
mf > Meritm :2/K(1_5_m/(vm+ﬂ\/ stm)) (5)
279 Figure 4 illustrates the dynamics of mean fitness and migration rate at the expansion

20 front as given by eqs. (2) and (3) (arrows in Figure 4) and compares these dynamics
281 with the outcome of individual-based simulations in a serial founder effect model (as
22 depicted in Figure 1). Even though egs. (2) and (3) can be solved analytically, we proceed
283 by describing the dynamics using a geometric approach that allows us to exhaustively
24 identify all qualitatively different evolutionary regimes. If f(O) < Meyitw, Meritm, an
25 expanding population will not evolve increased dispersal and will also suffer from ex-
25 pansion load (green lines in Figure 4). On the other hand, if 1(0) > Mcritw, Meritm,

27 both mean fitness and the average migration rate at the expansion front will increase

12
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263 (red lines in Figure 4). More interestingly, if m¢ipm < 1 (0) < Mt expansion load
29 will accumulate and migration rates will also increase over time. Thus, we eventually
20 oObserve a "rescue effect” when m f(t) surpasses M, in the sense that founder events
201 become less drastic and selection at the expansion front becomes sufficiently efficient so

202 that mean fitness will start to increase over time (see blue lines in Figure 4).

e & - 7

2 > 77
Cvasi> 75

e Vi

B i ‘ " yz

SOk /7

P R /
// Ii\ AN 2 /

T 1
0.005 0.010 0.020 0.050 0.100 0.200

m;

Figure 4: Individual-based simulations of the co-evolution of mean fitness and migration
rate in a population undergoing serial founder events, as depicted in Figure 1. The
arrows show the vector field generated by the differential equations (2) and (3), and
indicate the direction of evolution as predicted by the analytic theory. The thin lines
show the outcome of single simulation runs. The thick lines show the average across 10
simulation runs for each initial condition. The different colors correspond to different
initial migration rates. Mutations occur at rate u = 0.01 per individual per generation
and their effects are drawn from a bi-variate Gaussian distribution with parameters
5n = —0.001,5 = —0.005, V;;, = 0.004, V; = 0.002 and p = 0. The remaining parameters
are K = 500, @¢(0) = 1, and 175 = 0.01 (green), 0.02 (blue) and 0.1 (red).

23 Individual-based range expansion simulations

24 Using an individual-based model first developed in Peischl et al. (2013), we simulate
205 populations undergoing range expansions with both the evolution of dispersal and fit-
206 ness. The key difference to the serial founder effect model in Figure 4 is that we simulate
207 the whole species range instead of just the deme at the leading edge, and that gene flow
208 occurs every generation rather than just during colonization events. In particular, we

200 model a linear, 1-dimensional discrete landscape of 1000 demes with a stepping-stone
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s0 migration model. Each deme has a carrying capacity of K = 1000 and an initial migra-
s tion rate m = 0.01. The 5 left-most demes are initiated at carrying capacity and burned
sz in for 6000 generations, after which free expansion into subsequent empty demes is al-
33 lowed. Individuals each have the potential to accumulate deleterious load through 1300
s bi-allelic, unconditionally deleterious loci, or increase fitness from 700 bi-allelic, uncon-
s0s  ditionally beneficial loci. Fitness is multiplicative across these 2000 loci with genome-
36 wide mutation rate U = 0.2 and an equivalent potential for back-mutations to the wild
s07  type. Fitness effects are fixed at -0.01 and are additive (heterozygote fitness is perfectly
ss  intermediate to homozygotes). Generations are non-overlapping and growth is instan-
300 taneous in newly-colonized demes. The dispersal trait is modelled as a quantitative trait
s such that each individual inherits its migration rate from as the average of both parents’
s trait value plus a random mutational deviation drawn from a Normal distribution with
sz mean 0 and standard deviation 0.005 or 0.01 for either a low or high rate of dispersal
si3  evolution, respectively. Migration rate is constrained between 0 < m < 0.5.

314 For these parameter values, equations (4) and (5) indicate that we expect an increase
a5 in dispersal rates independently of initial conditions, and that expansion load occurs if
si6 My § 0.07 and ceases to occur if m ¥ g 0.07. In agreement with these predictions, we
sz find that mutation load does accumulate during expansion as a result of gene surfing
sis of deleterious mutations, but also that as dispersal evolves, spatial sorting leads to the
s19 rescue of fitness at the range front (Figure 5). The rescue effect is particularly strong
s20 under a higher rate of dispersal evolution (Figure 5C), where migration rate evolves to
;21 be close to 0.5. Under both low and high rates of dispersal evolution, fitness loss is
;22 reduced and then reversed, an effect opposite to that expected for fast range expansions
s23  in the absence of dispersal evolution (Gilbert et al., 2017; Hallatschek and Nelson, 2010;
s24  Peischl et al., 2013, 2015). Conversely, in the absence of the evolution of dispersal, fitness

s2s  is continually lost throughout the course of expansion.

»  Discussion

sz The question of what makes an organism successful at colonizing new habitats is highly
28 relevant in evolutionary biology, (Sexton et al., 2009), conservation biology (e.g., for pre-
»29 dicting invasiveness of species, Pejchar and Mooney 2009), and evolutionary medicine
30 (e.g., in the context of cancer growth, Waclaw et al. 2015). In this work, we present an
;a1 analytically tractable theoretical framework for the co-evolution of fitness- and dispersal-

sz related traits that builds upon classical models in population genetics. We show that a
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Figure 5: Fitness (A-C) or migration rate (D-F) measured at the front edge of a range
expansion either in the absence of the evolution of migration or a low (standard devi-
ation of mutational effect 0.005) or high (standard deviation of mutational effect 0.01)
rate of evolution of migration. Individual replicate simulations are shown in gray while
the mean is shown by the thick black line. Starting fitness is scaled to 1 for comparison,
and all other parameters are as described in text.

;3 given mutation with pleiotropic effects can be positively or negatively selected at the
s expansion front, depending on the current growth rate and migration rate at the expan-
35 sion front (see Figures 2 and 3). Furthermore, we show that while migration rates and
a6 growth rates both affect the expansion speed in similar ways, their effect on the strength
;37 and direction of selection at the expansion front can be quite different in finite popula-
;38 tions (see Figures 2 and 3). Finally, we used our results to predict the co-evolutionary
339 dynamics of fitness and dispersal during range expansions (see equations (2) and (3),
a0 and Figure 4). For the special case of high growth rates and soft selection, our model
a1 allowed us to exhaustively characterize the co-evolutionary dynamics, and to identify
a2 conditions when the evolution of dispersal can rescue a population from expansion load
us  (see equations (4) and (5), and Figure 4). Individual-based simulations of range expan-

us4  sions confirmed our analytic results (see Figure 5).
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345 Our study generalizes the results of Phillips and Perkins (2017), who studied the
us  co-evolution of dispersal and fitness during range expansions with a constant speed of
a7 1 deme per generation (T = 1) using a deterministic model similar to ours. As expected,
us in the case of infinite population size and T = 1, our results are in perfect agreement
s9  with those of Phillips and Perkins (2017), meaning that mutations are adaptive for ex-
0 pansion if and only if s, = s 45, > 0, which, for small s and s,, is equivalent to the
1 conditions derived in Phillips and Perkins (2017). We note that this condition for inva-
2 sion of new mutations is also equivalent to the condition found by Deforet et al. (2017)
33 in a deterministic continuous space model if one treats growth rate in their model as
34 equivalent to fitness. It would be interesting to see whether and how results from deter-
55 ministic continuous space models further generalize to finite populations, and to better
6 understand the role of genetic correlations on spatial sorting and expansion load. A
37 direct comparison of our results with those of Deforet et al. (2017) is difficult because
ss  their assumptions differ regarding the interplay of fitness, growth rates, and gene flow
30 in the modelling approaches.

360 The simplicity of our model comes at a cost as we made several simplifying as-
1 sumptions. Perhaps most importantly, we employ a separation of time scales argument
2 that allows us to model evolution of the leading edge population independently from
33 the core. We have previously shown that this is a good approximation to models with
s4  continuous gene flow between demes as long as the growth rate of the population is
s sufficiently large (Peischl et al., 2013). We thus expect our results to be valid even if
s6 dispersal rates are large, as long as growth rates are even larger (see Figure 5 for results
s7  from individual-based simulations). If growth rates are on the order of dispersal rates
s Or lower, we expect our model to underestimate the strength of drift because gene flow
30 will lead to a more gradual decrease in population size towards the expansion front
30 (c.f. Hallatschek and Nelson, 2010). Therefore, the rescue effect we identified with our
s model might be less relevant for species with growth rates and migration rates of sim-
sz ilar magnitudes. In this case, a more suitable modelling approach would be assuming
a3 continuous space, e.g., using reaction-diffusion equations as in Deforet et al. (2017). In-
s cluding the effects of genetic drift, however, is somewhat harder in continuous-space
ss models (but see e.g. Barton et al. 2013; Brunet and Derrida 2001; Hallatschek 2011).

376 We focused on expansion along a one-dimensional habitat. This should be a good
577 approximation for range expansion along a narrow two-dimensional corridor (Peischl

srs et al., 2013). In wider habitats, the evolutionary dynamics at the expansion front might
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sre  be quite different from what is expected in the one-dimensional case (see e.g., Polechova
ss0 and Barton, 2015). In particular, lateral gene flow perpendicular to the axis of expansion
;1 can restore genetic diversity and hence prevent some of the negative consequences of
sz increased drift at the expansion front (Peischl et al., 2013). Previous studies have shown
;3 that a wider expansion front can reduce the rate at which expansion load is built up
s« and lead to faster recovery after the expansion (Gilbert et al., 2018). With spatial sorting
ss it remains unclear how a two-dimensional expansion front would affect the outcome.
;s Gene flow might have very different effects on expansion speed and genetic diversity,
ss7  depending on its direction relative to the expansion axis. One might thus expect that
;s not only the rate or distance of dispersal evolves, but also the direction of dispersal (see
s e.g., Lindstrom et al., 2013).

390 For the sake of simplicity we assumed haploid individuals, but our model can be
s readily extended to sexually reproducing, diploid organisms (see e.g., Phillips and
sz Perkins 2017). Since the evolutionary dynamics of diploid and haploid individuals are
33 equivalent in the case of co-dominant (multiplicative) mutations (Biirger, 2000), our
s model can be applied directly to diploid individuals. Additionally, while it would be
s straightforward to include dominance in our model (Gilbert et al., 2018; Peischl and
36 Excoffier, 2015), adding epistatic interactions across loci would be much more difficult.
se7  Furthermore, we ignored the effects of clonal interference in the derivation of equa-
08 tions (1), which could lead to an overestimation of the fixation probability of beneficial
30 mutations. Our results should be good approximations if recombination is strong or
w0 if mutations occur infrequently so that multiple segregating mutations rarely interact
w1 (that is, if uK < 1). However, because mutations are either fixed or lost very quickly at
w2 expanding fronts, we expect our results to hold even if mutation rates are fairly high
a3 such that uK > 1 (see Figure 4).

404 We assumed that selection is soft, i.e. local carrying capacities and growth rates do
ws not depend on population mean fitness. The co-evolutionary dynamics under hard se-
a6 lection might be somewhat different from those in our our model (see e.g., Peischl et al.,
w7 2015) since growth rates and carrying capacities affect expansion speed (Skellam, 1951),
ws the amount of genetic drift, and the efficacy of spatial sorting and natural selection at the
w9 expansion front (Hallatschek and Nelson, 2010). In particular, while increasing growth
so rates render natural selection at expansion fronts less efficient due to the reduced time
s between subsequent colonization events (see Figure 2), the efficacy of natural selection

a2 increases with increasing dispersal (see Figure 3). A model with hard selection would
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a3 thus lead to additional feedback between evolutionary processes at the expansion front
a4 and the efficacy of natural selection and spatial sorting.

415 We have presented a theoretical study that shows how the evolution of dispersal
s6 can serve as a factor to reduce or even eliminate expansion load. To further test our
a7 model in experimental or empirical settings, comparing fitness evolution during geo-
ss  graphic spread in tandem with dispersal evolution will prove especially illuminating.
a9 This is most approachable in experimental evolution studies where understanding these
w0 trajectories simultaneously will inform how often dispersal is positively or negatively
a1 correlated with changes in fitness. This may also provide insights into understanding
w22 the distribution of fitness effects for new mutations and for dispersal-impacting muta-
w23 tions by fitting a model to data from an experimental study (e.g., as in Bosshard et al.
224 2017). Understanding both this correlation between fitness and dispersal as well as the
»s  distribution of effects for mutations impacting both of these characteristics is a major
w26 step forward in evolutionary biology, and could help us explain the different results
227 already found in several experimental studies (Bosshard et al., 2017; Van Ditmarsch
w8 et al, 2013). Additionally, in natural systems this interaction between dispersal and
29 load accumulation may explain important dynamics during colonization events. Given
s0 that invasive species present as ideal candidates for accumulation of expansion load
s in terms of rapid expansion and small founding population sizes, yet seem to exhibit
sz no detrimental fitness effects, this mechanism of rescue and recovery due to increased
433 dispersal could prove as an explanatory factor in their successful invasions as well as
s the successful spread of other natural range expansions (Arim et al., 2006; Hanski et al.,
a5 2002; Hughes et al., 2007; Lombaert et al., 2014; Monty and Mahy, 2010; Phillips et al.,
a6 2006; Simmons and Thomas, 2004; Sziics et al., 2017; Tayeh et al., 2013; Thomas et al,,
s37 2001). The improved understanding of the evolutionary forces and interactions between
ss  changes in fitness and dispersal ability will enhance our knowledge of what makes some
30 species particularly successful at colonization, as well as what factors might contribute

mo  to formation of species range limits.
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»  Online Appendix

w A Supplementary Figures
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Figure S1: Fixation probability of pleiotropic mutations as a function of the population
growth rate.
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Figure S2: Fixation probability of pleiotropic mutations as a function of the mean mi-
gration rate at the expansion front.
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Figure S3: Fixation probability of pleiotropic mutations as a function of the population
growth rate under varying scenarios of the mutational effect on fitness, s: deleterious
(A), neutral (B), and beneficial (C).

B Derivation of fixation probability

We use a diffusion approach to calculate the fixation probability of a mutation that
affects fitness and /or migration rates. One ”generation” in the diffusion approximation
corresponds to the colonization of a single deme and starts just before a new propagule
disperses. We consider a mutant that is present at frequency p when the population

in deme dy is at carrying capacity K. The expected frequency of the mutant in the
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Figure S4: Fixation probability of pleiotropic mutations as a function of the mean mi-
gration rate at the expansion front.

propagule is then

, pKmy /2 ma ( ma . )
- — A (2 i ),
P = vkma/2+ (0 —p)Kkme/2 = Py \"Fm, & F

and the variance due to binomial sampling is
1
V=_p@a-p).
LA

If the mutant’s frequency in the propagule is p’, its expected frequency after the

growth phase is

"_ p'wy __ pa+s)t
pwl + (1 —pHwl  pA+s)T+(1-p)
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which is equal to

ma T
== T
" P iy A PMAW 4

N P%W,E +(1- p)%wg — pmawh + (1 — p)ymaw?

The expected change in allele frequency is then

E[apl =p" —p=~p(l-p) <sT+7ZA—1>-

a

We assume that the stochastic sampling effects during colonization of a deme are
the main contribution of genetic drift and therefore approximate the variance in allele

frequency change by
1
VIAp] = zp'(1=p).

us  Next, we calculate the fixation probability using standard diffusion methods. The prob-

mo  ability of fixation (conditioned on initial frequency py) is given by:

J0g(x) dx
folg<x) dx’

450 where

g(x) = exp [— Z‘J,E[[AA}Z] dp]

After some fundamental algebra we end up with

674F(ST+',%71);90 1

7

874F(ST+%71) 1

1 for the fixation probability, where F is the propagule size and T is the time until a deme
52 1s filled.

Note that this is Kimura’s (Kimura, 1962) original equation for the fixation probabil-

ity
e*4NeSep0 _ 1
e_4NgSe -1 4

with effective selection coefficient
m
se=sT+—2_1

My

»s3  and effective population size N, = F.
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s C Co-evolutionary dynamics

If mutations affect only fitness but not dispersal probabilities, Peischl et al. (2015) showed
that the change in mean relative fitness at the expansion front can be approximated us-

ing the following equation

Dp(t+1) = wy(t) (1 +/j sus(s)Kp(s,O)ds>

155 where u5(s) is the mutation rate of mutations with effect s. Here, we also assumed that
s mutations evolve independently of each other, that is, we ignore clonal interference. The
s7  parameter F measures genetic drift on the expansion front and T measures the length
s of the growth period during which selection occurs. Both F and T can depend on mean
o fitness, migration rates, and growth rates in models of hard selection (see Peischl et al.
w0 2015 or Bosshard et al. 2017 for details). The integral in the equation calculates the
w1 expected long-term effect of each new incoming mutation, that is, whether they will be
a2 fixed or lost from the population at the expansion front, taking into account the effects of
w3 mutation rates, random genetic drift, natural selection, and spatial sorting. This model
w4 has been shown to be a good approximation for the evolution of mean fitness at the
w5 front of range expansions if the growth rate of populations at the front, r, is larger than
s the rate of gene flow, m (Peischl et al., 2013).
We next consider mutations that affect migration traits but have no effect on fitness.
Let 17¢(t) denote the mean migration rate of the population at the edge of the expansion

at time t. The evolution of 771y can be modelled analogously via

mp(t+1) =s(t) <1 + /_O: smum(sm)Kp(O,sm)dsm>

s67 - where u,,(sy,) is the mutation rate of migration modifier mutations that increase disper-
s sal probabilities by a factor 1 + s;,.
For pleiotropic mutations that affect both fitness and dispersal, the evolutionary

dynamics of both traits follows

We(t+1) = @f(t) <1 + /j /j su(s,sm)Kp(s,sm)dsdsm>

mp(t+1) =mg(t) <1 + /j /j smut(s, sm)Kp(s, sm)dsdsm> ,

w0 where u(s, s, ) denotes the mutation rate of mutations with effect s on fitness and s,, on
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a0 the dispersal probability. We assume that s and s, are given by a bi-variate distribution
s with mean values § and 35, variances Vs and V},, and correlation p (e.g., a bi-variate

sz Normal distribution). Switching to continuous time, the dynamics can be approximated

a3 by
;twf(t) = W(t) /T /T su(s, sm)Kp(s, sm)dsdsy, (A1)
;tmf(t) = 1 (t) /j /j Sm(S,Sm)Kp(s,sm)dsdsy,. (A2)
We define

Q(s,5m) = sKp(s,sm)

and approximate it by

) 2 1 N 90\
g(s,sm) = Z -~ (5_5)$ + (Sm _Sm)a g(srsm)|(s,s,,,):(§,s',,,)'
This allows us to approximate the integrals in equations (A1) by

//u(s,sm)g(s,sm)dsdsm.
—1J-1

Equation (A2) can be treated analogously. These integrals can then be solved straight-
forwardly but the solutions are lengthy and uninformative and hence not shown here.
Importantly, however, because (s, sy ) is quadratic in (s — §) and (s,; — 55,), the contri-
bution of the distribution of mutational effects u(s, s, ) can be expressed solely in terms
of the mean (3, 5,,), variances V; and V,,, and the correlation p. To gain a better intuition
we proceed by further approximation. We re-scale the quantities s, 5, 5,,, Vs, Vi and
p by s, and expand in a Taylor series around s = 5. Ignoring third- and higher-order
terms in s (and switching back to the original variables) we can then approximate the

dynamics of mean fitness and migration rate at the front by

%wf(t) = w(t)u [(p(t) -1) <pm+ T(t)Vs) + 5}
and
;tmf(t) = s (t)u [(F(t) ~1) (p\/WT(t) + Vm) + 54 :

s where F(t) = K (t)/2, T(t) =log(2/ms(t))/rand u = [ [7 u(s,s,)dsdspy.
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If mutations affect either migration rates or fitness, but not both, we obtain

;twf(t) = w(t)us [(F(t) — 1) T(£) Vs + 3]

and

jtmfa) = g (Bt [(F(t) = 1) Vi + 5],

s where u,, and us are the mutation rates of migration- and fitness-related mutations,

a6 respectively.
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