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Range expansions are crucibles for rapid evolution, acting via both selective

and neutral mechanisms. While selection on traits such as dispersal and

fecundity may increase expansion speed, neutral mechanisms arising from

repeated bottlenecks and genetic drift in edge populations (i.e. gene surfing)

could slow spread or make it less predictable. Thus, it is necessary to disen-

tangle the effects of selection from neutral mechanisms to robustly predict

expansion dynamics. This is difficult to do with expansions in nature, as

replicated expansions are required to distinguish selective and neutral pro-

cesses in the genome. Using replicated microcosms of the red flour beetle

(Tribolium castaneum), we identify a robust signature of stochastic, neutral

mechanisms in genomic changes arising over only eight generations of

expansion and assess the role of standing variation and de novo mutations

in driving these changes. Average genetic diversity was reduced within

edge populations, but with substantial among-replicate variability in the

changes at specific genomic windows. Such variability in genomic changes

is consistent with a large role for stochastic, neutral processes. This increased

genomic divergence among populations was mirrored by heightened vari-

ation in population size and expansion speed, suggesting that stochastic

variation in the genome could increase unpredictability of range expansions.
1. Introduction
Range expansion, or the spatial spread of a species into a previously unoccu-

pied geographical area, has long been studied as a purely ecological

phenomenon [1,2], due in part to the importance of range expansion to the

dynamics of invasive species [3], and in part to the assumption that evolution-

ary processes are too slow to influence expansion dynamics [4]. Recently,

however, research has demonstrated that evolutionary changes can signifi-

cantly alter the dynamics of range expansions, even over only a handful of

generations [5–9]. In particular, rapid evolutionary changes at the expansion

edge can lead to dramatic increases in the intrinsic variability of expansion

speeds [6,7], thus increasing uncertainty in prediction of range expansions.

Given the fundamental role of range expansions for invasive species [2] and

populations shifting in response to climate change [10], it is important to under-

stand the mechanisms by which evolutionary dynamics alter the speed and

variance of range expansions. However, this is not a trivial task due to the

combination of evolutionary mechanisms that can affect range expansions via

both selective and neutral processes [11] and the complexities of disentangling

their effects [12].

Evolution during range expansions occurs via several distinct, yet poten-

tially interacting mechanisms. Selective processes can be delimited into three

mechanisms. First, not unique to range expansions, is the evolutionary response
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to novel selection pressures a population can encounter when

expanding into a new habitat [9,13]. Second, the spatial

population structure formed during range expansion can

impose selection on the population. Spatial selection, or the

assortative mating among highly dispersive individuals at

the expanding edge combined with increased fitness at the

edge due to a release from intraspecific competition, can

lead to the evolution of heightened dispersal in edge popu-

lations [5–8,14–16]. Third, the gradient in population

density formed across the expanding range can lead to

differential evolution of density-sensitive traits, such as com-

petitive ability, across the population [17,18]. In contrast to

such selection-driven mechanisms of evolution, the spatial

genetic and demographic dynamics of range expansion also

provide a neutral mechanism, gene surfing, in which

random alleles ‘surf’ to high frequencies at the expanding

edge, while other alleles are lost [19]. Gene surfing results

from the repeated founding events and small population

sizes characteristic of the expanding range edge [11,20],

thus altering allele frequencies in an unbiased stochastic

manner, leading to an overall reduction in genetic diversity

in edge populations as random alleles become fixed or are

lost from the expansion wave [20–23]. As gene surfing can

result in stochastic fluctuations in allele frequencies regard-

less of the adaptive value of a given allele, it has the

potential to lead to increased variability in demographic

rates at the population level. Under some circumstances,

gene surfing can lead to a systematic reduction in fitness at

the expansion edge due to an accumulation of deleterious

alleles [24–26].

While driven by fundamentally distinct processes (selec-

tion versus neutral allele fluctuations), both mechanisms

acting via selection and gene surfing are expected to rapidly

reduce genetic diversity through the loss and fixation of

alleles. Thus, in data from a single range expansion, as is typi-

cal in the field, it can be extremely difficult to differentiate

between selection and gene surfing [27]. As with any stochas-

tic process, a single range expansion provides only one

realization from a distribution of possible outcomes [28].

Only by experimentally replicating range expansions can

multiple realizations from the distribution of possible

outcomes be sampled, as we do here.

Selection and gene surfing are expected to produce

distinct genomic patterns across such a distribution of

outcomes. Evolutionary mechanisms acting via selection,

such as spatial selection, would be expected to lead to consist-

ent, though not necessarily identical, genomic changes in

repetitions of a range expansion starting from the same

source population [29]. In contrast, gene surfing, as a neutral

mechanism, would be expected to manifest uniquely in each

repetition due to the unbiased, stochastic nature of the under-

lying processes (i.e. founder effects and genetic drift in small

populations). Thus, replicated expansions provide a method

to distinguish selection from gene surfing.

Empirical evidence for gene surfing remains sparse, typi-

cally limited to inference from a single, unreplicated

expansion [26,30–32] or to phenotypic rather than genetic

data in bacteria [33,34]. In all of these studies, expansions

took place over long timescales of hundreds of generations

or more and genomic data were only analysed for single

realizations of expansion [26,30–34]. Here, we use replicated

range expansions of the red flour beetle (Tribolium castaneum)

in laboratory microcosms to experimentally test the
importance of gene surfing in shaping evolutionary patterns

across the genome in sexually reproducing, diploid popu-

lations over short timescales (eight generations). We

previously reported results from this experiment focused on

phenotypic outcomes [6], showing that spatially evolving

(structured) populations expanded faster on average but

with significantly more variability in expansion speed

among replicates compared to populations in which spatial

evolution was prevented (shuffled; see Methods for treatment

descriptions). Additionally, we observed evolution of heigh-

tened dispersal phenotypes in edge populations of

structured landscapes relative to the core, implicating spatial

selection as a significant evolutionary mechanism in these

landscapes [6]. Importantly, we saw no evidence of a

response to selection due to the density gradient across the

range and our experimental design intentionally controlled

for selection from novel environmental conditions. Thus,

spatial selection was the key selective process acting on the

structured populations. Here, we use genomic data from 37

replicated experimental range expansions, assessing allele fre-

quencies across the genome in 96 distinct populations. We

evaluate genomic signatures of gene surfing and the relative

contribution of both standing variation and de novo mutations

to observed changes. We find that gene surfing plays a strong

role in shaping genomic diversity in range expansions,

despite ongoing spatial selection, suggesting that increased

variability in genomic outcomes driven by stochastic evol-

utionary processes could explain the increased variance in

the dynamics of range expansion at the population level

observed in this [6] and other recent experiments [7,28,35].
2. Methods
(a) Range expansion experiment
Full details of the range expansion experiment are described

elsewhere [6]. We provide a brief reiteration here. Experimental

landscapes consisted of 4 cm � 4 cm � 6 cm acrylic boxes

placed in a linear arrangement with holes drilled between neigh-

bouring boxes that could be blocked to allow controlled dispersal

events. Each box contained standard medium (95% wheat flour

and 5% brewer’s yeast) to serve as both habitat and a food

source. Tribolium castaneum life cycles were manipulated to pro-

duce non-overlapping generations of 35 days each, consisting

of discrete growth, dispersal, and reproductive phases [28,36].

To begin the experiment, 20 beetles from a large, well-mixed

source population of T. castaneum (called SF, after their origin

from Schlegel farm near Bloomington, IN) were placed in the

first patch of each of 60 empty landscapes. This procedure

mimicked the dynamics of many naturally occurring range

expansions beginning from small founding populations (e.g.

invasive or reintroduced species). These landscapes were then

randomly divided between two treatments, which were designed

to test the role of spatial evolution in range expansions. One

treatment, which we refer to as shuffled, prevented spatial evol-

ution by randomizing the location of individual beetles within

the landscape once per generation, while keeping local popu-

lation abundances constant. In effect, the shuffled treatment

decoupled an individual’s genotype from its location. In the

other treatment, referred to as structured, beetles remained in

the location in which they were censused, thus allowing the for-

mation of genetic spatial structure necessary for spatial evolution

during range expansions. These two treatments allowed for a

direct quantification of the effect of genetic spatial structure

during range expansion, as the shuffled landscapes resulted in
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populations increasing in abundance at similar rates to the struc-

tured landscapes and with similar demographic spatial structure,

but without the genetic spatial structure that naturally arises

from the expansion process in the structured populations. All

60 replicates were further divided into three temporal blocks.

Three replicates were lost over the course of the experiment

due to laboratory mishaps, resulting in 29 replicates of the

shuffled treatment and 28 replicates of the structured treatment.

Range expansions proceeded for eight generations, after which

phenotypic assays were performed to test for evolution in disper-

sal, fitness, and competitive ability among beetles from the edge

and core of replicate structured and shuffled populations, con-

firming that both dispersal and fitness had evolved in response

to the spatial structure imposed by range expansion, as we

reported elsewhere [6].

For each replicate, all 20 founding beetles (generation 0) were

collected and stored at 2808C after reproducing. For structured

replicates, 20 beetles randomly sampled from the range core

(defined as patch 1 of the landscape) and the 20 furthest-spread-

ing beetles (defining the expansion edge) were collected and

stored at 2808C after the 8th generation of expansion. In most

replicates, the 20 edge beetles represented two, three or four

patches (16, 6 and 1 replicate respectively), as the last patch con-

tained less than 20 beetles. One replicate contained exactly 20

beetles in the last patch and four replicates contained over 20 bee-

tles in the furthest patch (23, 37, 40 and 52). For those four

landscapes the 20 edge beetles represent a random subset of

the population in the last patch. Similarly, 20 beetles from the

shuffled treatment were also stored at 2808C after the 8th gener-

ation of the experiment. The 20 beetles collected from shuffled

landscapes were randomly selected since spatial location has

no biological meaning in that treatment, and any 20 individuals

are representative of allele frequencies across the population. In

summary, collected beetles represent entire populations (foun-

ders), entire or almost entire subpopulations (edge), or random

samples of populations (core and shuffled). Henceforth, we

will refer to these observation units as populations.
(b) DNA pooling, extraction and sequencing
To pool DNA, we combined all 20 beetles from a population with

180 ml phosphate-buffered saline and homogenized the mixture

with a disposable pestle. We then extracted total genomic DNA

from the mixture using a DNeasy Blood and Tissue Kit (Qiagen).

We used fluorometric quantification (Qubit) and a NanoDrop spec-

trophotometer (Thermo Scientific) to check each extracted DNA

sample for adequate quantity and quality respectively.

We selected 22 landscapes (out of a total of 28) from the

structured treatment and 15 landscapes (out of a total of 29)

from the shuffled treatment for sequencing. To select landscapes,

we first excluded any landscapes with subpar quantities or qual-

ities of extracted DNA (two structured landscapes and three

shuffled landscapes) and then randomly selected the designated

number of landscapes. The number of landscapes was chosen to

yield 96 total populations for sequencing (the number in a single

96 well plate for library construction). Each structured landscape

provided three populations comprising two time points for

analysis: (i) the founding population (generation 0), (ii) the core

population (generation 8), and (iii) the edge population (gener-

ation 8). Each shuffled landscape provided two populations

comprising two time points: (i) the founding population (gener-

ation 0) and (ii) the population from generation 8. Taken

together, this yielded 66 populations from structured landscapes

and 30 populations from shuffled landscapes for sequencing.

Paired end Illumina libraries were prepared for each pool

using the Nextera DNA Sample Preparation Kit (Illumina) by

the Next-Generation Sequencing Facility at the Biofrontiers Insti-

tute of the University of Colorado, Boulder and subsequently
sequenced on an Illumina NextSeq V2 machine. Sequencing

reads were trimmed using Trimmomatic (v. 0.36) [37] and aligned

to the reference genome for T. castaneum [38] using bwa mem

(v. 0.7.5a-r405) [39], with default settings for both. After the initial

bwa alignment, we used the CleanSam utility (v. 2.8.1) from

Picard (http://broadinstitute.github.io/picard) to soft-clip align-

ments beyond the end of reference sequences and to set the

mapping quality to 0 for unmapped reads. We used the Realigner-

TargetCreator and IndelRealigner utilities from the Genome

Analysis Toolkit (v. 3.7-0-gcfedb67) to target and realign reads

around indels [40]. We used samtools (v. 0.1.19-96b5f2294a)

view and mpileup under default settings to exclude aligned

reads with a mapping quality below 20 and to extract multi-

sequence pileups, respectively [41]. Quality scores, read lengths,

and sequencing depths, averaged over all replicates and broken

down by population, are reported in the electronic supplementary

material and confirm high quality and sufficient depth of aligned

reads among all experimental populations.
(c) Analysis
We used Popoolation [42] (v. 1.2.2) to calculate nucleotide diver-

sity (p) across the T. castaneum genome, dividing the genome

into non-overlapping windows. We explored a range of

window sizes from 5000 to 15 000 bp. Results from all analyses

were invariant to these different window sizes, so we report

results using windows of 10 000 bp. We used a pool size of 40,

corresponding to the number of chromosome copies in our

pooled samples of 20 diploid individuals. We restricted Popoola-

tion to only consider bi-allelic sites with coverage between 4 and

22 (chosen according to the distribution of average depths across

populations; electronic supplementary material, figures S1 and

S2) and a site quality score of at least 20. Although polyallelic

loci are expected to occur at a low frequency for organisms

with large population sizes, these sites are quite rare [43], contri-

buting little to the overall genetic variation that is of interest here.

Furthermore, apparent polyallelic sites detected from low-depth,

pooled sequencing data could be caused by sequencing errors,

leading to overestimates of genetic diversity. To quantify overall

change in nucleotide diversity in each population, we first calcu-

lated the mean across all windows from autosomes and the X

chromosome separately. Using these data, we first tested for a

difference in average nucleotide diversity among founding popu-

lations with a linear mixed effects model assessing the fixed

effect of experimental treatment and accounting for temporal

block as a random effect. We then calculated the change in auto-

somal and X chromosome means between the founding and

generation 8 populations for each landscape to determine the

effects of eight generations of range expansion and population

growth. We analysed these changes with a linear mixed model

assessing the fixed effect of spatial structure (core, edge or

shuffled) on the change in mean p from founding populations

to the 8th generation with temporal block as a random effect.

To quantify how spatial population structure during range

expansion altered genetic patterns at a finer genomic scale, we

considered the change in nucleotide diversity (Dp) at each indi-

vidual window. We defined the change in nucleotide diversity

at a given window as the nucleotide diversity of that window

from an 8th generation population minus the nucleotide diver-

sity of the same window from the corresponding founding

population. Using only windows for which all populations had

estimates of diversity, we first calculated the mean change

among replicates in nucleotide diversity at each window (Dp).

This quantity reveals the genomic windows most consistently

impacted by evolution during the expansion process. As we

know spatial selection acted to increase dispersal phenotypes

in edge populations [6], we expect edge populations to display

reductions compared to core and shuffled populations, but

http://broadinstitute.github.io/picard
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Table 1. Definitions of the key metrics investigated in the paper, along with predictions for each due to selection and gene surfing. Specifically, we provide
predictions for the patterns expected in edge populations compared to core and shuffled populations.

metric

predictions

selection gene surfing

Reduction in mean nucleotide diversity,

genome wide, after eight generations of

range expansion (figure 1).

Greater reductions in edge populations. Greater reductions in edge populations.

Mean change in nucleotide diversity among

replicates at each genomic window (Dp;

figure 2). Changes are calculated from

founders to the 8th generation

populations.

The consistency of selection acting on the

same loci in replicate populations will lead

to large reductions in certain windows of

edge populations, but idiosyncratic effects

across chromosomes as not all windows

contain loci targeted by selection.

Gene surfing manifesting in different windows

in each replicate population will lead to

small, average reductions in edge

populations, distributed evenly across all

chromosomes.

Standard deviation of changes in nucleotide

diversity among replicates at each genomic

window (sDp; figure 3).

Low values, as selection is expected to

typically act on the same loci across

replicates.

High values, as gene surfing will manifest in

random windows that are likely to differ

across replicates.

Correlation coefficient of nucleotide diversity

across windows for all pair-wise

combinations of replicates (rp; figure 4).

High values, as the consistency of selection

maintains similarity among replicates.

Low values, as the stochastic nature of gene

surfing drives increased divergence among

replicates.
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those reductions are likely concentrated on particular chromo-

somes under selection. Gene surfing can also contribute to the

reduction of nucleotide diversity through the fixation and loss

of random alleles [20], but those random reductions in diversity

should be found across all chromosomes. To directly test for a

signature of gene surfing, we then calculated the standard devi-

ation of the changes in nucleotide diversity among replicates

(sDp). While selection should mostly affect the same loci in all

replicates (resulting in a low sDp), gene surfing is expected to

manifest differently in replicated range expansions, driving

down nucleotide diversity in different genomic windows in

each replicate. Thus, the standard deviation of changes in nucleo-

tide diversity among replicates at each genomic window (sDp)

should be higher in populations experiencing gene surfing. For

both of these metrics (sDp and Dp), we analysed the data using

a linear mixed model incorporating the fixed effects of spatial

structure, chromosome, and their interaction and autocorrelated

random effects associated with window position along

the genome (assuming an exponential correlation structure).

In contrast to the analyses above, as these metrics were calculated

across temporal blocks, there was not a random effect of

temporal block.

We then examined the end result of eight generations of

selection and gene surfing by calculating the Pearson’s corre-

lation coefficient of nucleotide diversity across windows of the

genome for all pair-wise combinations of replicates from the

eighth generation. A high correlation indicates that replicates

converged on similar patterns of genomic diversity, as would

be expected if replicates were driven purely by selection. Simi-

larly, a low correlation indicates greater divergence among

replicates, in terms of genomic diversity, and would be the

expected outcome if gene surfing were a dominant mechanism

during expansion. Since pairwise correlations are not indepen-

dent, we used a randomization test to examine the effect of

spatial structure (core, edge, shuffled) on this correlation. We

used the mean absolute difference between group means of cor-

relation coefficients as the test statistic, formed a null distribution

for the statistic by randomizing the assignment of spatial structure
(core, edge, shuffled) among replicates (10 000 simulations), and

calculated the one-tailed p-value from the simulated null

distribution. We further calculated 95% confidence intervals for

the differences between founders and the other group means

of correlation coefficients using non-parametric bootstrap

with 10 000 simulations.

While gene surfing acting on standing genetic variation is

expected to create variable patterns of neutral genomic change

among replicate populations, such variable patterns could also

arise due to selection in at least two ways: (i) selection acting

on de novo mutations arising in individual replicates during the

expansion process or (ii) selection on rare alleles from the

source population that were only sampled in some of the found-

ing populations. However, we expected these effects to be

negligible, which we confirmed by further analyses (electronic

supplementary material).

To further clarify the metrics we examined, we provide con-

cise descriptions along with predictions for the effects of

selection and gene surfing for each in table 1. All model analyses

and post-processing of the data were performed in R (v. 3.3.2)

[44] except where otherwise indicated. Mixed effects models

with autocorrelated random effects were fit and analysed using

the package nlme (v. 3.1-128) [45]. For linear models, plots of

residuals, quantiles, and influence were used to check relevant

model assumptions where appropriate.
3. Results
On average, nucleotide diversity was similar for founding

populations of both structured and shuffled treatments in

both autosomal and sex chromosomes (figure 1a and elec-

tronic supplementary material, figure S3a; parametric

bootstrap for the effect of treatment: p ¼ 0.58 and p ¼ 0.43

respectively), confirming that mean differences among exper-

imental treatments arising over the eight generations of range

expansion were due to the treatments rather than initial
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Figure 1. Autosomal nucleotide diversity contained in founding and generation eight populations. Mean nucleotide diversity (p) across autosomes for all exper-
imental populations is shown in (a). The derived data (mean p across windows) are plotted as individual points and distributions among replicates are shown with
standard Tukey box plots. Differences in mean autosomal p from founders to generation-8 populations of the same landscapes are shown in (b). Differences were
calculated as the generation-8 value minus the founding population from the same landscape, so a negative value indicates a loss of diversity. No change is
indicated by a horizontal dashed line at 0. Derived data are shown as points and model estimated means and 95% confidence intervals are shown by the
solid points and error bars. Edge populations show significantly greater reductions in diversity from the founders compared to core and shuffled populations ( para-
metric bootstrap for the effect of spatial structure: p ¼ 0.03). Sample sizes are 22 for structured landscapes (encompassing the structured founders and core and
edge populations from generation-8) and 15 for both generations of shuffled landscapes. (Online version in colour.)

chromosome
X 1 2 3 4 5 6 7 8 9

−1.0

−0.8

−0.6

−0.4

−0.2

core edge shuffled

æ Dp
 ×

 1
0–3

Figure 2. Model estimated mean changes in nucleotide diversity among
replicates at individual windows in different chromosomes along the
genome. Lower values (i.e. greater reductions) indicate a larger role for selec-
tion, gene surfing, or both. Estimates were generated from a linear mixed
model with fixed effects for spatial structure, chromosome, and their inter-
action and random effects capturing the spatial autocorrelation of individual
windows along the genome. Only windows with complete sets of obser-
vations across all replicates were used for this analysis (n ¼ 6602
windows for each level of spatial structure). Points are model estimates
and error bars are 95% confidence intervals. Likelihood ratio tests found
all fixed effects significant with p , 0.0001.
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genetic status. Among the three population types from gener-

ation eight (core and edge populations from structured

landscapes and populations from shuffled landscapes), auto-

somal nucleotide diversity was reduced on average

compared to the founding populations (figure 1b). This

reduction was especially pronounced in edge populations

(figure 1b; parametric bootstrap for the effect of spatial

structure: p ¼ 0.03), which experienced reductions on average

1.23 times greater than core populations (95% confidence

interval (CI): 0.11–15.75). These results were repeated for

the X chromosome (electronic supplementary material,

figure S3; parametric bootstrap for the effect of spatial

structure: p , 0.001) with 1.21 times the reduction in

nucleotide diversity in edge versus core populations

(95% CI: 0.50–2.73).

To assess the impact of evolution during range expansion

at a finer genomic scale and identify a signature of gene surf-

ing, we calculated the change in diversity at individual

windows along the genome and calculated both the mean

(Dp) and standard deviation (sDp) of these changes among

replicates at each window as described in the methods.

Analysis of these quantities revealed four important patterns.

First, genomic windows in edge populations experienced

greater mean reductions in nucleotide diversity in all chromo-

somes (likelihood ratio test for the effect of spatial structure:

p , 0.001; figure 2) compared with core and shuffled popu-

lations. For selection to be the only mechanism behind this

pattern, it would need to have acted on at least several loci

on each chromosome, which is unlikely though certainly

not impossible. Neutral processes, however, would be

expected to affect all areas of the genome, and hence all

chromosomes, with equal probability, with the potential to

cause reductions in diversity across all chromosomes.

Second, the degree to which diversity was reduced in edge

populations differed idiosyncratically among chromosomes

(figure 2). This idiosyncratic pattern may be a signature of

selection and its differential effect on different areas of the

genome. Third, genomic windows across all chromosomes

had higher standard deviations in the changes in nucleotide

diversity among replicates in edge populations compared to

core and shuffled populations (likelihood ratio test for the
effect of spatial structure: p , 0.001; figure 3). The higher

among-replicate variation at individual genomic windows

suggests a greater role for neutral evolutionary processes at

the edge of a range expansion compared to the core.

Fourth, while the effect of spatial structure on Dp was

highly variable throughout the genome (figure 2), the effect

of spatial structure on sDp was relatively consistent

(figure 3). Across chromosomes, Dp in edge populations

ranged from 1.70 to 2.63 times the Dp observed in core popu-

lations (figure 2). In contrast, the variance in Dp among

replicates (rather than sDp which is not additive and hence

not ideal for such comparisons) in edge populations only

ranged from 1.30 to 1.48 times that observed in core popu-

lations. This relatively consistent effect size on the variance

of changes in nucleotide diversity (related to sDp shown in

figure 3) is expected from neutral processes, such as gene

surfing, that affect different loci with equal probability.

Further, the mismatch between the effect sizes of the variance
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Figure 3. Model estimated standard deviation of changes in nucleotide
diversity among replicates at individual windows in different chromosomes
along the genome. Higher values of sDp indicate a larger role for neutral
processes like gene surfing. Estimates were generated from a linear mixed
model with fixed effects for spatial structure, chromosome, and their inter-
action and random effects capturing the spatial autocorrelation of individual
windows along the genome. Only windows with complete sets of obser-
vations across all replicates were used for this analysis (n ¼ 6602
windows for each level of spatial structure). Points are model estimates
and error bars are 95% confidence intervals. Likelihood ratio tests found
all fixed effects significant with p , 0.0001.
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Figure 4. Correlations in nucleotide diversity among replicate populations.
Pearson’s correlation coefficient calculated for the nucleotide diversity of
genomic windows between each pair-wise comparison of replicate popu-
lations within founders, shuffled, core, and edge populations (n ¼ 666,
105, 231, 231 pair-wise comparisons respectively). Standard Tukey boxplots
are shown to visualize the distribution of correlation coefficients. Edge popu-
lations had lower correlation in nucleotide diversity among replicates
compared to founders, core, and shuffled populations (randomization
test for the effect of experimental group: p ¼ 0.002), suggesting that
gene surfing results in increased variability among edge populations.
(Online version in colour.)
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and Dp implies the observed trends in the variability of

changes in nucleotide diversity were not driven by a

correlation with the mean.

The correlations of nucleotide diversity in genomic

windows among replicate populations revealed a dramatic

effect of gene surfing after only eight generations of range

expansion. As expected, nucleotide diversities of founding

populations were highly correlated among replicates, reflect-

ing their shared history as samples from a large, well-mixed

laboratory population kept in constant environmental con-

ditions for many generations prior to the start of the

experiment. If selection were the only evolutionary mechan-

ism acting during range expansion, all experimental

treatments should have highly correlated nucleotide diversity

after eight generations similar to the founding populations, as

selection acted either to maintain founding genotypes or

caused populations to diverge from the founding populations

in repeatable ways. Both types of selection would lead to high

correlations among experimental populations. However, all

experimental treatments had reduced correlations after eight

generations compared to the founders (randomization test:

p ¼ 0.0002; figure 4). Reduced correlations were most pro-

nounced for edge populations for which nucleotide

diversity was 11.9% (95% CI: 11.6–12.3%) less correlated

among replicate populations compared to the correlations

among founding populations (figure 4). Core and shuffled

populations were also less correlated than the founders:

5.0% (95% CI: 4.8–5.3%) and 4.7% (95% CI: 4.3–5.1%)

respectively. These reductions in correlation among replicates

compared to the founding populations suggest an important

role for neutral stochasticity in the evolutionary trajectories of

these landscapes, particularly so for the edge populations,

which experienced about double the reduction in correlation

compared to core and shuffled populations. This enhanced

role for neutral stochasticity in edge populations is consistent

with gene surfing acting during range expansion to drive

population genetic differentiation at range margins.

We identified 66 de novo mutations in our data and

constructed two probabilistic models (the sampling model
and the detection model) to assess the role of selection on de
novo mutations and rare alleles in driving increased genomic

variation among edge populations (electronic supplementary

material). None of the mutations occurred within protein-

coding sequences. The plurality of de novo mutations occurred

within introns (45%), with one occurring in the 30 untrans-

lated region of a protein coding gene. The remaining

variants occurred in intergenic (7%), upstream (22%) or

downstream (25%) regions. Windows containing de novo
mutations did not significantly increase or decrease in

nucleotide diversity in core, edge or shuffled populations

(electronic supplementary material, figure S4), suggesting

selection on de novo mutations was not a driver of the

genome-wide reductions in diversity of edge populations.

Further, analysis of the sampling model revealed the prob-

ability of even a small number of landscapes failing to

sample a rare allele in the source population to be extremely

low (electronic supplementary material, figure S5). It is there-

fore unlikely that selection on rare alleles or de novo mutations

was a significant driver of the variable reductions in diversity

among edge populations.
4. Discussion
Both neutral processes and selection are known to be impor-

tant in range expansions, but it can be difficult to disentangle

the contributions of each in field populations, where expan-

sions are not replicated [12]. Nevertheless, it is important to

understand the role of stochastic neutral processes to improve

predictions of range expansion. If gene surfing (stochastic

neutral processes at the range edge) plays a large role then,

due to its stochastic nature, it could contribute to the large

intrinsic variance observed in the speed and population

dynamics of range expansions [6,7,28]. By comparing

changes in nucleotide diversity across the genome for repli-

cate populations experiencing identical conditions during

experimental range expansion, we identify distinct signatures

of gene surfing over a remarkably short timescale. This

heightened role of neutral stochastic evolutionary processes
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in edge populations provides a potential explanation for the

increased variance in expansion speed observed in structured

populations [6].

After eight generations of range expansion, populations

across all types of spatial structure (core, edge and shuffled)

had reduced nucleotide diversity on average (figure 1 and

electronic supplementary material, figure S3) due to a combi-

nation of initial founder events and eight generations of

selection and drift. Edge populations experienced the largest

reduction in diversity (figure 1b), indicating an increased role

for selection, neutral mechanisms, or both at the edge of

expansion relative to the core and the shuffled populations.

Idiosyncratic reductions of nucleotide diversity in certain

chromosomes of edge populations (Dp; figure 2) suggest a

role for spatial selection, which is consistent with the

observed increases in dispersal ability among edge popu-

lations of structured landscapes [6]. However, reduced

diversity throughout the genome (i.e. on all chromosomes)

of edge populations (figure 2) combined with larger variation

in diversity changes among replicates of edge populations

(sDp; figure 3) indicate an important role for gene surfing.

Further, the low correlations of nucleotide diversity among

replicate edge populations compared to core and shuffled

populations (figure 4) demonstrates that gene surfing led to

highly dissimilar genomic patterns among replicated range

expanding populations. Importantly, our experimental treat-

ments allow these genomic results to be directly attributed

to the spatial structure formed during range expansion. The

changes to nucleotide diversity were calculated relative to

the founding populations of each landscape, thus accounting

for the initial bottleneck of landscape colonization. Further,

the shuffled treatment provides a direct comparison to the

genomic patterns expected from a single, panmictic popu-

lation, allowing precise quantification of the effect of spatial

structure formed during range expansion.

A possible alternative explanation for our results is that

spatial selection acting on de novo mutations or initially rare

alleles found only in a handful of founding populations

could result in the uncorrelated patterns in nucleotide diver-

sity. If selection were primarily acting on de novo mutations,

which would not be expected to occur at the same loci in

replicate populations, the process of mutation and sub-

sequent selection could also result in seemingly divergent

genomic patterns among replicates. Similarly, if initial alleles

in the source population were rare, they might have been

sampled in only a few founding populations. If such alleles

provided a fitness advantage in edge populations, then selec-

tion on them could also lead to uncorrelated changes in

genomic diversity among replicates. Indeed, the expansion

edge is known to produce distinct selection pressures

not present in core populations (i.e. spatial selection)

[14–18], potentially creating opportunities for de novo
mutations or rare alleles to rise rapidly in frequency due to

the small population size at the edge.

However, our results demonstrate selection on de novo
mutations or rare alleles are unlikely mechanisms for five

reasons. First, although simulations suggested we were able

to identify de novo mutations with reasonable accuracy

(electronic supplementary material, figure S6), de novo
mutations only rarely rose to measurable frequencies in our

data. Second, those windows with identified de novo
mutations contributed little to the mean reductions in nucleo-

tide diversity in edge populations, since the windows
containing de novo mutations did not exhibit large, consistent

reductions in diversity (electronic supplementary material,

figure S4). Third, de novo mutations occurring in edge popu-

lations did not exhibit different trends in changes in

nucleotide diversity compared to core and shuffled popu-

lations (electronic supplementary material, figure S4). Fourth,

the sampling model of the probability of rare alleles being

missed in some founding populations reveals that the prob-

ability of more than a single founding population missing an

allele is extremely low, even for low allele frequencies (elec-

tronic supplementary material, figure S5). Given the number

of alleles that would need to be involved to drive the patterns

observed here, it is extremely unlikely that rare variants or de
novo mutations contributed significantly to the observed geno-

mic patterns. Fifth, no de novo mutations fell within coding

regions, making them less likely targets of spatial selection.

Thus, while some de novo mutations were observed, and

some rare variants could have been missed in sequencing,

the genomic patterns observed were highly likely to be

driven by standing variation.

Taken together, our results imply an important role for

stochastic neutral processes in driving the observed genomic

changes during range expansion. Although spatial selection

helped shape edge populations, it was unable to fully counter

the divergent effects of gene surfing, which resulted in heigh-

tened among replicate variability leading to substantially

reduced correlations in nucleotide diversity after eight gener-

ations. In addition to the genomic evidence, previously

reported results from this experiment [6] demonstrated

reduced reproductive fitness of edge populations on average,

which is consistent with theoretical expectations of gene surf-

ing [24]. These results suggest that gene surfing can be an

important component of genomic evolution at the expansion

edge, even over only eight generations.

However, more work is needed to fully understand the

role of gene surfing in range expansions, particularly the

interaction between gene surfing and selection due to vari-

able environmental conditions. The simplified structure of

our experimental landscapes intentionally removed any role

for selection due to spatial or temporal environmental vari-

ation so as to quantify the importance of spatial population

structure (i.e. spatial selection) alone. Theoretical work

suggests, however, that environmental variation could alter

the role of gene surfing in range expansions, with local adap-

tation to environmental gradients reducing the expansion

load caused by gene surfing [46]. Recent experimental work

in the T. castaneum system is consistent with this prediction

and the potential role of gene surfing in driving variability

in the speed of range expansions. Evolving populations

expanding through a novel environment (in which theory

would predict gene surfing to play a reduced role) did not

display reduced fitness in the edge relative to the core, and

only modestly increased variability in expansion speeds com-

pared to non-evolving control populations [9]. More studies

are needed to disentangle the complex relationship between

environmentally driven selection, gene surfing, and variability

in the speed of range expansions.

Understanding the potential for evolutionary changes to

impact range expansions is critical, given the importance of

range expansion to invasive species [2] and species’ range

shifts in response to climate change [10]. Previously reported

results from this experiment [6] and a simultaneous study in

a different model organism [7] demonstrated that spatial



royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

8
evolutionary mechanisms substantially increased variance in

expansion rates. Our results show that the increased variation

in expansion rates is mirrored by an increased role for neutral

mechanisms at the expansion edge, suggesting that variation

on the genomic level could be propagated to impact variance

in expansion speed at the population level. In other words,

stochastic neutral processes at the genomic level may increase

stochasticity and uncertainty at the population level. Thus,

understanding the role of gene surfing is critical to under-

standing and predicting the dynamics of range expansions,

even over very short timescales.
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