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1  |  INTRODUC TION

One of the major current challenges of population geneticists is to 
discriminate loci under selection from the backdrop of neutral ge-
netic variation (Ahrens et al., 2018; Beaumont, 2005; Oleksyk et al., 
2010; Weigand & Lee, 2018). For founder populations, loci under se-
lection are especially hard to detect due to the effects of strong ge-
netic drift. Genetic drift during and following a founder bottleneck 

spreads out the backdrop of neutral variation, obscuring the typ-
ically weak signals of incomplete selective sweeps (Hermisson & 
Pennings, 2005), and elevating the false negative and positive rates 
from selection scans. At the same time, founder populations are of 
special interest to both conservation biologists— due to the impact 
on biodiversity (e.g., Allendorf & Lundquist, 2003)— and evolution-
ary biologists due to their potential for promoting rapid evolution 
(e.g., Templeton, 2008).
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Abstract
Founder populations are of special interest to both evolutionary and conservation 
biologists, but the detection of genetic signals of selection in these populations is 
challenging due to their demographic history. Geographically separated founder 
populations likely to have been subjected to similar selection pressures provide an 
ideal but rare opportunity to overcome these challenges. Here we take advantage 
of such a situation generated when small, isolated founder populations of reindeer 
were established on the island of South Georgia, and using this system we look for 
empirical evidence of selection overcoming strong genetic drift. We generated a 70 k 
ddRADseq single nucleotide polymorphism database for the two parallel reindeer 
founder populations and screened for signatures of soft sweeps. We find evidence 
for a genomic region under selection shared among the two populations, and support 
our findings with Wright– Fisher model simulations to assess the power and specific-
ity of interpopulation selection scans— namely Bayescan, OutFLANK, PCadapt and 
a newly developed scan called Genome Wide Differentiation Scan (GWDS)— in the 
context of pairwise source– founder comparisons. Our simulations indicate that loci 
under selection in small founder populations are most probably detected by GWDS, 
and strengthen the hypothesis that the outlier region represents a true locus under 
selection. We explore possible, relevant functional roles for genes in linkage with the 
detected outlier loci.

K E Y W O R D S
adaptation, bottlenecks, natural selection, reindeer, simulation

www.wileyonlinelibrary.com/journal/mec
https://orcid.org/0000-0003-2131-9048
mailto:￼
https://orcid.org/0000-0002-7265-4180
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fmec.15837&domain=pdf&date_stamp=2021-03-02


    |  1643DE JONG Et al.

Although empirical evidence for adaptation to novel environ-
mental conditions on short, observable timescales has accumulated 
in recent decades (see Carroll et al., 2007; Endler, 1986; Hendry & 
Kinnison, 1999; Reznick & Ghalambor, 2001; Schoener, 2011 for re-
views on contemporary evolution; and see Bradshaw & Holzapfel, 
2010; Brakefield & de Jong, 2011; Hof et al., 2016; Johnston & 
Selander, 1964; Karell et al., 2011; and Lamichhaney et al., 2015 
for case studies), evidence for adaptation specifically in founder 
populations has so far remained elusive (see Colautti & Lau, 2015; 
Vandepitte et al., 2014). The rarity of empirical evidence for selec-
tion in founder populations will in part reflect adaptive constraints 
of founder populations (Willi et al., 2006), but also the difficulty of 
detecting the (genetic) signatures of selection within founder popu-
lations (see Poh et al., 2014).

A unique but rare opportunity to overcome the challenges as-
sociated with selection analysis in founder populations arises when 
two or more sister populations (i.e., populations deriving from the 
same ancestral population) are independently founded in environ-
mentally similar sites (Lee & Coop, 2019). We capitalized on such a 
system by searching for evidence of selection in two parallel founder 
reindeer populations. These founder populations originated in the 
early 20th century (1911 and 1925), when two small (N ≤ 10) herds of 
reindeer (Rangifer tarandus) were shipped from Filefjell, Norway, to 
two peninsula separated by a glacier on the island of South Georgia 
in the South Atlantic Ocean (Leader- Williams, 1980). Despite facing 
an environment which differed from their native grounds, both pop-
ulations established successfully until their cull in 2013.

As is true for invasive species in general (Allendorf & Lundquist, 
2003; Colautti & Lau, 2015), it is not known whether the success of 
the South Georgia reindeer was aided by adaptation to their novel 
environment. We reasoned, however, that if the South Georgia 
reindeer populations did adapt to their novel environment, the two 
founder populations potentially underwent parallel evolution. Both 
populations experienced very similar environmental conditions and 
therefore would have been subjected to similar selective pressures. 
If during the founder bottleneck they preserved the same adaptive 
alleles, this could lead to shared genetic signals of selection. The 
South Georgia reindeer populations were separated by a glacier 
over which they could not pass (Leader- Williams, 1988, page 43), 
and therefore shared signals of selection could not have been es-
tablished through gene flow. Because shared signals of selection are 
easier to distinguish from the background of neutral variation than 
adaptive loci selected in single populations, the South Georgia rein-
deer populations provide a promising study system for the detection 
of genomic signals of recent selection within founder populations.

We generated a double digest restriction- site associated DNA 
sequencing (ddRADseq) database for the founder populations as 
well as their common source population, and searched for genetic 
signals of selection using interpopulation selection scans (Oleksyk 
et al., 2010). Despite concerns over the utility of RADseq for se-
lection scans (Lowry et al., 2016), we reasoned that a large single 
nucleotide polymorphism (SNP) catalogue would provide sufficient 
resolution due to the extensive linkage disequilibrium expected in 

the bottlenecked founder populations. We made use of published 
selection scan methods (i.e., Bayescan, OutFLANK and PCadapt) 
together with a custom- built tool which we named Genome Wide 
Differentiation Scan (GWDS). We evaluated our empirical findings 
by running simulations using a Wright– Fisher model. The main pur-
pose of these simulations was to estimate the probability that the 
loci marked as outliers by our whole genome selection scans were 
true loci under selection rather than false positives. We did so by 
assessing the power and specificity of selection scans, including 
GWDS, in the context of founder populations, and specifically in 
the context of the demographic history of our study populations. 
In summary, we use Wright– Fisher model simulations to test the 
hypothesis that positive selection events can be detected despite 
strong genetic drift in small, severely bottlenecked founder popula-
tions, and search for empirical, genetic evidence for positive selec-
tion in two recently established founder populations.

2  |  MATERIAL S AND METHODS

2.1  |  Library construction

We selected 120 reindeer samples including some from an existing 
DNA archive (Table S1, Lovatt & Hoelzel, 2014), evenly divided over 
both South Georgia founder populations and their Norwegian source 
population. DNA samples were selected based on Qubit quantifica-
tion scores and molecular weight of the DNA assessed by gel elec-
trophoresis. We constructed two sequencing libraries each of 60 
samples following the ddRADseq protocol (Peterson et al., 2012).

Following in silico simulations with the R package SimRAD (Lepais 
& Weir, 2014), we decided to use a 6- bp cutter (HindIII: AAGCTT) 
and a 4- bp cutter (MspI: CCGG), with a fragment size selection win-
dow of 250 bp width (by including all fragments with a length of 
275– 525 bp, excluding the adapters), targetting 120,000 loci with 
an average read depth of 30. By multiplying this expected number 
of loci against their average length (250 bp), as well as with a con-
servative estimate for nucleotide diversity (π = 0.0005), and with an 
approximation for the harmonic number of Watterson's estimator, 
we estimated that this size selection window would yield ~50,000 
SNPs with a minor allele frequency (MAF) ≥0.05.

The actual size selection was executed with a Sage Science 
PippinPrep machine. The Phusion High- Fidelity kit was used for a 13- 
cycle polymerase chain reaction (PCR) (denaturation step: 62°C for 
20 s; annealing step: 72°C for 45 s; extension step: 72°C for 5 min). 
Libraries were paired- end sequenced on an Illumina HiSeq_2500 
(version 4 chemistry) machine.

2.2  |  SNP calling

Reads were trimmed to 110 bp and demultiplexed and filtered 
using stacks1.35 (Catchen et al., 2013). Unpaired reads were dis-
carded. Paired reads were aligned using the very- sensitive mode of 
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bowtie2.2.5 (Langmead & Salzberg, 2012), against both the reindeer 
(Rangifer tarandus) genome (Li et al., 2017) as well as the cow (Bos 
taurus) genome (Zimin et al., 2009)— cow being at the time the spe-
cies closest to reindeer with a genome assembly up to the chromo-
some level. samtools version 1.3.3 (Li et al., 2009) was used to filter 
out reads which aligned disconcordantly, reads with a mapping qual-
ity below 20, as well as reads which aligned to more than one loca-
tion in the genome.

SNPs were called using the stacks refmap pipeline with default 
settings. Loci for which at least 30% of all individuals had a read 
depth below 8 were removed. We accepted multiple SNPs per read 
(i.e., we did not set the – write- single- SNPs flag when running the 
“populations”- command), as we opted to optionally “thin” our data 
set downstream. The refmap pipeline was initially performed against 
the cow genome using stacks version 1.35. After release of the rein-
deer genome assembly (Li et al., 2017), we used stacks version 2.2 
for SNP calling on the reindeer alignment data set which had by then 
become available. Unless otherwise stated, the results presented in 
this paper are based on the SNP data generated with stacks 2.2.

pgdspider (Lischer & Excoffier, 2012) and plink version 1.90 
(Purcell et al., 2007) were used to convert the output from genepop 
or vcf format to a genlight object, supported by the R package 
Adegenet (Jombart, 2008; Jombart & Ahmed, 2011).

2.3  |  SNP and sample filtering

All samples with more than 10% missing data were removed (Table 
S1). We discarded SNPs which met any of the following criteria: 
(i) >15% missing data (after removal of low- quality individuals); (ii) 
minor allele count (MAC) = 1; (iii) excessive heterozygosity excess 
(He > [2pq + ½q]) (Figure S1A); and (iv) excessive read depth (by fit-
ting a normal distribution to the lowest 99.5% of observed depth val-
ues, and subsequently calculating a Bonferroni- corrected threshold 
value; Figure S1B). We also filtered out a few SNPs which mapped 
to the same site of the reindeer genome and yet belonged to differ-
ent stacks loci. Selection analyses were performed on this filtered 
data set of 56,079 SNPs. Structure and diversity analyses were per-
formed on a further thinned data set of 33,311 SNPs, which con-
tained at maximum one SNP per 500- bp region (designed to limit 
SNPs to one per paired- end read).

2.4  |  Structure and diversity analyses

For optimization of SNP filter settings, we used a range of SNP data 
subsets depending on the analysis. For population genetic analy-
ses, we avoided linkage disequilibrium bias by using a filtered and 
thinned data set. Linkage disequilibrium (LD) analysis was executed 
on reduced data sets excluding SNPs with MAC < 5, because pairs 
of SNPs with low number of minor alleles are likely to score high 
LD- values due to chance effects. For selection analyses, we used a 
filtered, nonthinned data set, in order to screen the genomes with 

the highest possible resolution. All but a few analyses were carried 
out using SNP data derived from alignment to the reindeer genome. 
The exceptions were genome- wide sliding window genetic differen-
tiation (FST) and diversity (Tajima's D) analyses, for which we used 
a filtered, nonthinned data set derived from alignment to the cow 
genome, as contrary to the reindeer genome the cow genome was 
assembled to the chromosome level.

All population structure analyses (principal components analysis 
[PCA], discriminant analysis of principal components [DAPC], admix-
ture analyses) were executed in R, using functions implemented in 
the Adegenet, Ape (Paradis et al., 2004; Paradis & Schliep, 2018) and 
LEA (Frichot & François, 2015) packages. For DAPC (run in Adegenet) 
we set the number of PCs to one third the number of individuals, the 
number of clusters equal to the number of populations in our data 
set (three), and the number of discriminant functions to three.

For admixture analysis in LEA we set K (putative number of pop-
ulations) to 2– 6, alpha to 10, tolerance to 0.00001 and the number 
of iterations to 200. To quantify population differentiation we cal-
culated Nei's D (Nei, 1972) using a function implemented in stampp 
(Pembleton et al., 2013), as well as Weir & Cockerham's, 1984 FST 
(Weir & Cockerham, 1984). We assessed genetic diversity by gen-
erating site frequency spectra, MAF histograms and estimates of 
sample genome- wide heterozygosity.

To estimate sample genome- wide heterozygosity, we used the 
formula: Hegenome = (nH/nind * nsnps)/ntotal, in which nH denotes the 
number of heterozygous sites observed for individual i within the 
SNP data set, nind denotes the number of nonmissing data points for 
individual i within the SNP data set, nsnps denotes the total number 
of SNPs in the SNP data set excluding SNPs with excessive heterozy-
gosity (Figure S1), and ntotal denotes the total number of sequenced 
sites (i.e., sum of total length of both monomorphic and polymorphic 
stacks loci). This provides an estimate of the proportion of heterozy-
gous sites across all sequenced sites, which is a proxy for genome- 
wide heterozygosity. An illustration of this calculation is provided in 
the supporting methods (M1).

LD analyses were executed by calculating squared correlation 
coefficient estimates for unphased data using the software plink. 
We generated LD estimates for all SNP pairs occurring on the same 
contig at a maximum of 5 Mb apart. Contemporary gene flow was 
estimated using BayesAss3- SNPs (Mussmann et al., 2019), using the 
SNP data set generated with stacks 1.35. The number of iterations 
was set to 1,000,000, burn- in to 100,000, seed to 10 and delta val-
ues to 0.1.

2.5  |  Selection analyses

For selection analyses we undertook pairwise comparisons of 
founder population to source population for each founder popula-
tion, as well as a “pooled” approach. Our pooled approach assumes 
that because the two founder populations have been introduced 
into highly similar environments, they probably experienced shared 
selective pressures. This allows us to increase the power of our 
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selection detection analyses when looking for shared signals, be-
cause shared outliers would be unlikely to occur by chance alone. 
In the pooled approach we pooled the data of both founder popula-
tions and executed selection scans by contrasting the source popu-
lation to the pooled founder populations (i.e., “Norway vs. Busen and 
Barff”). The signal for shared positive selection at a given locus is 
thereby reinforced whereas the background distribution of neutral 
alleles is deflated, and hence detection of positively selected alleles 
is facilitated.

To identify positively selected loci, we used a custom- built 
tool (GWDS, discussed below) as well as three published selection 
scans: Bayescan (Foll & Gaggiotti, 2008), OutFLANK (Whitlock & 
Lotterhos, 2014, 2015) and PCadapt (Duforet- Frebourg et al., 2014; 
Luu et al., 2017). Bayescan's false discovery rate (FDR) was set to 
0.01, as our simulations indicated that higher FDRs decreased spec-
ificity without greatly increasing power (Figure S2). We focused on 
outlier loci with positive alpha scores, which are indicative of pos-
itive/diversifying selection (in contrast to negative values, which 
are indicative of balancing/purifying selection). OutFLANK outli-
ers were scored based on Holm- corrected p- values rather than on 
q- values (default setting). PCadapt outliers were scored based on 
Bonferroni corrected p- values, with K set to 2. For both the empir-
ical and the simulated data sets, and for both the pairwise and the 
pooled approach, we ran PCadapt with K = 2.

We visually assessed the putative outlier loci by comparing the 
locus- specific HE and FST estimates as formulated by Cockerham and 
Weir (1987) of putative outliers to those of remaining loci in an HE- 
FST plot (Beaumont & Nichols, 1996). Additional details of the HE and 
FST calculation are provided in the Methods (S2).

2.6  |  Selection scan “GWDS”

To assist our selection analyses, we developed a new selection scan 
called Genome Wide Differentiation Scan (GWDS), which we im-
plemented in the R package “SambaR” (https://github.com/menno 
dejon g1986/ SambaR; de Jong et al. 2021) and which searches for 
loci under positive/diversifying selection on an SNP by SNP basis.

GWDS can be classified as a population differentiation- based 
method (Oleksyk et al., 2010; Weigand & Leese, 2018) or outlier 
analysis test (Ahrens et al., 2018), and is most similar to the selection 
scan OutFLANK. However, unlike OutFLANK and most other inter-
population outlier scans, GWDS does not quantify population dif-
ferentiation using an FST metric, but instead uses Fisher exact tests, 
the same metric used by genome- wide association scans (GWAS).

GWDS differs from GWAS in two ways. First, GWDS searches 
for locus- specific associations between allele frequencies and popu-
lation divisions, rather than for locus- specific associations between 
allele frequencies and phenotypic traits. This could concern pairwise 
comparisons between population pairs, or sets of multiple popula-
tions subjected to contrasting environmental pressures.

Allele frequency differences are scored as p- values generated by 
Fisher exact tests executed on contingency tables of allele counts. 

These p- values, here referred to as pF- values, are calculated using R’s 
built- in fisher.test function, which outputs pF- values which are up to 
four decimal places identical to p- values outputted by plink’s (Chang 
et al., 2015; Purcell et al., 2007) Fisher's exact test.

The second difference between GWDS and GWAS— as well 
as between GWDS and methods applied in Hendrickson (2013), 
Cammen et al. (2015) and Shultz et al., 2016)— is in the method of 
outlier detection. GWDS considers the pF- values in themselves to 
be uninformative, as those values depend on sample size, the de-
mographic history of the populations, and the relatedness and con-
nectiveness of the populations. Instead, GWDS searches for loci 
with pF- values which stand out from the overall distribution of pF- 
values. GWDS does so by fitting an exponential curve to the nega-
tive natural logarithms of the pF- values, and by using this probability 
distribution to assign new p- values to each SNP, here denoted as 
pgwds- values. These pgwds- values indicate the probability of observ-
ing a locus given the observed null distribution. To correct for multi-
ple testing, the pgwds- values are adjusted using either the Bonferroni 
(default), Holm or Benjamini– Hochberg correction methods. SNPs 
with an adjusted pgwds- value below .05 (or any other user- defined 
significance threshold) are marked by GWDS as outliers. An illus-
trated step- by- step description of GWDS is included in the support-
ing methods (M3).

The logic behind GWDS is that whereas allele frequencies of 
neutral loci differ randomly among populations, selection will tem-
porarily cause the allele frequencies of positively selected loci to 
differ more strongly. This reasoning especially holds if compared 
populations are exchanging migrants or alternatively if they are sis-
ter populations (i.e., derived from the same ancestral population), 
because their allele frequencies are initially correlated. In the ab-
sence of gene flow, a requirement is that the time to the most com-
mon recent ancestor of the sister populations is considerably less 
than 4Ne generations, as greater split times will result in differential 
loss or fixation of alleles through drift.

By inferring the null distribution directly from the empirical data 
rather than attempting to model the expected null distribution, 
GWDS, like OutFLANK, circumvents the risk of violating underly-
ing assumptions about demography, such as population hierarchy, 
changes in population size through time, and unequal levels of gene 
flow (Funk et al., 2016; Luu et al., 2017; Weigand & Leese, 2018). 
The main assumption of GWDS is that the distribution of the neg-
ative natural logarithms of observed pF- values can be described by 
an exponential curve. This assumption holds if and only if both sister 
populations exchange migrants or split less than 4Ne generations 
ago. In the absence of gene flow, longer split times will result in a 
bimodal distribution, with the modi reflecting differential fixation 
and loss of alleles due to drift. GWDS tests the goodness of fit be-
tween observed data and fitted curve using a chi- squared test and 
will issue a warning in the case of a poor fit. Another assumption 
behind GWDS is that the vast majority of SNPs will be neutral, and 
that the observed mean will not be inflated by a few loci under se-
lection. This assumption can be violated when applying GWDS to 
dense SNP catalogues in which multiple SNPs are linked to the same 

https://github.com/mennodejong1986/SambaR
https://github.com/mennodejong1986/SambaR
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selective sweep, resulting in a too conservative outlier threshold. 
GWDS therefore offers users the option to fit the exponential curve 
to a thinned data set which contains at most one SNP per genomic 
region of 1 Mb (or any other user- defined size).

We tested the power and specificity of GWDS under various 
demographic scenarios of recently established founder populations 
and compared these test scores to the power and specificity of two 
popular selection scans which also run in R, OutFLANK and PCadapt 
(see section Wright– Fisher model simulation analyses).

2.7  |  Wright– Fisher model simulator

We simulated data sets of founder and source populations using 
custom R functions based on a Wright– Fisher model. The demo-
graphic scenario consisted of a source population with a constant 
Ne of 1,000 individuals from which a founder population buds off 
at t0. Both the source and the founder population are subsequently 
allowed to drift for a certain number of generations. The source 
and the founder population do not exchange migrants (i.e., no gene 
flow).

The simulation tool simulates changes in allele frequencies of 
standing variation through generations on a SNP by SNP basis. It 
does not incorporate new mutations, and all SNPs are assumed to 
be unlinked. The distribution of allele frequencies in the source 
population were modelled after the observed distribution in the 
empirical data set (see Figure S3). Founder events and genetic drift 
subsequent and prior to the founder event were simulated with the 
rbinom function, which outputs the number of successes (number 
of allele copies in next generation) given a sample size (2Ne) and a 
success probability (allele frequency in current generation).

Selection was simulated in two ways. For selection coefficients 
of s > 0.05, we simulated selection as a continuous process by multi-
plying each generation by the rbinom output with the selection fac-
tor (1 + s). For s ≤ 0.05, we opted for a different approach because 
the effect of selection was counteracted by rounding. Here we sim-
ulated a selective event as a doubling of the number of adaptive al-
leles, with a probability of occurrence of s per generation (Method 
S4). Neutral loci were defined as SNPs for which allele frequencies 
were affected by drift only. Loci under selection were defined as 
SNPs for which allele frequencies were affected not only by drift, 
but in the case of founder populations also by positive selection, 
either directly or indirectly (through complete linkage). The envis-
aged evolutionary scenario was that these alleles had been (nearly) 
neutral in the source population, occurring in low frequencies in a 
mutation– drift equilibrium. Following environmental change due to 
the colonization of a new habitat, these previously neutral and rare 
alleles became positively selected in the founder populations. It was 
assumed that selection results in allele frequency changes but not in 
population size changes.

The outputs of our simulations were allele frequencies/counts 
of a source and two founder populations, both directly following the 
founder event (t0) and after a certain number of generations (tgen). To 

incorporate observer error related to limited sampled sizes (i.e., devi-
ation between population allele frequencies and observed allele fre-
quencies), we generated sample allele frequencies using the rbinom 
function, with the number of successes representing the number of 
allele copies in the genotyped individuals given, a sample size equal-
ling 30 individuals, and with success probability being defined as the 
population allele frequency. Sampled tgen output vectors served as 
simulated input for selection scans.

We validated our simulator by comparing three simulation output 
scores with theoretical expectations: (i) the proportion of retained 
variation directly after a founder event; (ii) the fixation probability of 
neutral and adaptive alleles; and (iii) time to fixation.

2.8  |  Wright– Fisher model simulation analyses

We used our Wright– Fisher model simulator to assess the per-
formances of GWDS in comparison to PCadapt and OutFLANK. 
Bayescan, which runs on Linux rather than in R and has relatively 
long computation times, was excluded from this part of the analy-
sis. For our purposes the three- way comparison was considered 
sufficient. Both Bayescan and OutFLANK are FST outlier tests, 
whereas PCadapt represents a distinct method (based instead on 
PCA). For each test— GWDS, OutFLANK and PCadapt— we calcu-
lated the false positive rate (1 − specificity) as the number of neu-
tral SNPs marked as outliers divided by the number of neutral SNPs 
with MAF > 0 at t0. Similarly, for each test we calculated the power 
(1 − false negative rate) as the number of selected SNPs marked as 
outliers divided by the number of selected SNPs with MAF > 0 at 
t0. In other words, adaptive loci which were lost during the founder 
bottleneck event were excluded from the power and specificity 
calculations.

FDR estimates, the proportions of false positives in the outlier 
set, were calculated based on power and specificity estimates in-
ferred using the Bonferroni multiple testing correction method, and 
were calculated for various proportions of adaptive SNPs in SNP 
data sets (which is an unknown parameter, here defined as p_adap-
tive), ranging from 10% to 0.01%. The exact formula was: (FP*(1 − p_
adaptive))/(FP*(1 − p_adaptive) + ((1 − FN)*p_adaptive)), in which FP 
denotes false positive rate (inverse of specificity) and FN denotes 
false negative rate (inverse of power).

We evaluated the performance of the three selection scans for 
a range of demographic scenarios, which included all combinations 
of selection coefficients ranging between 0 and 0.2 (step size 0.025) 
and constant effective founder population sizes of 10, 20, 30, 50, 
100, 200, 300, 500 and 1,000. The number of founders was set 
equal to the effective population size, and the number of genera-
tions of the founder population (starting at the founder event) was 
set to 20. In addition, we ran simulations for a demographic scenario 
specific to our South Georgia reindeer populations, defined by a bot-
tleneck event of 10 founders and followed by a constant effective 
population size of 50 individuals during 20 subsequent generations, 
for a total of 60,000 SNPs.
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GWDS and OutFLANK were instructed to calculate the neutral 
distributions based on the neutral loci only. Because this option is 
not available for PCadapt, and so that PCadapt could reliably obtain 
a neutral distribution, we set the proportion of adaptive alleles to a 

maximum of 0.1. We have evaluated the performance of PCadapt 
using varying proportions of adaptive SNPs, and found that PCadapt 
behaves normally (no elevated false positive or false negative rates) 
on data sets with a maximum of 10% adaptive SNPs.

F I G U R E  1  Genetic clustering and linkage disequilibrium (LD) analyses of reindeer samples belonging to both South Georgia populations 
(Busen and Barff) and their Norwegian source population. Colour coding (except for D): blue = Busen, green = Barff, red = Norway. (a) 
Boxplots of LD estimates (squared Pearson correlation coefficients based on genotype scores of SNP pairs, calculated by the software 
plink) per physical distance class (100kb bins). White dots indicate mean values. (b) Principal coordinates analysis based on Nei's genetic 
distance. (c) Nei's genetic distance between samples. Distance is proportional to colour intensity. (d) LEA admixture analyses for 2 ≤ K ≤ 6, 
with random colour coding. (e) Discriminant analysis of principal components, without prior population information, with K = 3 and a number 
of PCs which explains 80% of the cumulative variance. (f) Migration rates between the three populations, as inferred by Bayesass3- SNPs 
[Colour figure can be viewed at wileyonlinelibrary.com]

(a) (d)

(b)

(c)

(e) (f)

www.wileyonlinelibrary.com
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2.9  |  Gene identification

Genes and other genomic features close to outlier SNPs were iden-
tified based on both a cow genome annotation (Bovine Genome 
Sequencing and Analysis Consortium et al., 2009) and a reindeer ge-
nome annotation (Li et al., 2017), using the software bedtools version 
2.26.0 (Quinlan & Hall, 2010). Genes were considered putatively 
linked to an outlier SNP if they were within 150 kb distance from the 
outlier SNP, and if no nonoutlier SNP was present in between. LD 
calculations indicated that this range spanned most of the SNP pairs 
in high linkage (Figure 1a).

3  |  RESULTS

3.1  |  Structure and diversity analyses

We used ddRADseq (Peterson et al., 2012) to generate an ~70 k 
SNP database, located on ~85 k stacks loci (De Jong et al., 2020a, 
b2020). After filtering, we retained ~56 k SNPs and ≥30 individuals 
per population (Norwegian source population: 37; founder popu-
lation “Busen”: 33; founder population “Barff”: 34; Tables S1– S3). 
Population structure analyses (i.e., PCA, DAPC, admixture analyses; 
based on a set of ~33 k SNPs thinned to minimize LD) verified the 
existence of three distinct clusters, and therefore supported the 
assumption that the two founder populations were geographically 
isolated (Figure 1; Figures S4 and S5). Absence of gene flow was fur-
thermore confirmed with the software BayesAss3- SNPs (Figure 1; 
Table S4). As expected based on the stochastic sampling of alleles 
during and following the founder events, and as previously illus-
trated for these populations (Lovatt & Hoelzel, 2014), each founder 
population was differentiated from the other and both were differ-
entiated from the source population (based on ordination, assign-
ment, genetic distance and gene flow analyses; see Figure 1). Weir 
and Cockerham’s (1984) FST- values for the three pairwise popula-
tion comparisons were 0.197 for Barff vs. Busen, 0.087 for Barff vs. 
Norway, and 0.112 for Busen vs. Norway.

Population- specific genetic diversity estimates showed strong 
signatures of recent bottleneck events, with both founder popula-
tions displaying site frequency spectra (SFS) typical for bottlenecked 
populations: reduced nucleotide diversity coupled with high propor-
tions of common SNPs, testifying that many alleles, mostly of low 
frequency, were lost during and/or after the founder bottlenecks 
(Figures S6 and S7, Table S5).

LD analyses confirmed the presence of extended LD in both 
founder populations (Figure 1a), facilitating our genome- wide se-
lection scans. The observed decay of mean LD- values with physical 
distance roughly corresponded with expected values given recent 
effective population sizes of respectively 50, 80 and 1,000 for 
Busen, Barff and Norway (Figure S6F,G, Hill & Weir, 1988; McVean 
& Cardin, 2005: Kawakami et al., 2014).

Estimates of genome- wide proportions of segregating sites were 
0.34%, 0.39% and 0.69% respectively for Busen, Barff and Norway 

(Figures S6C, S7E and S8, Table S5). The observed differences in the 
proportion of segregating sites between populations could not be 
explained by variation in levels of missing data (Figure S7A), and only 
marginally by the difference in number of retained individuals per 
population (Figure S7B). The equation 1 − (1 − MAF)2N_founders can 
be used to calculate expected proportions of segregating sites di-
rectly following the founder bottleneck. Given that the average MAF 
within Norway was 0.17, and knowing that the number of founders 
of the Busen and Barff populations were respectively seven and 10 
individuals (Leader- Williams, 1988), the proportion of segregating 
sites directly following the bottleneck will have been around respec-
tively 0.64% and 0.67%, much higher than the observed 0.34% and 
0.39%. The implication is that the majority of genetic variation was 
lost due to genetic drift during subsequent generations rather than 
during the founder event itself.

3.2  |  Selection analyses

When screening our filtered SNP data set (~56 k SNPs) for loci under 
selection, we contrasted the pairwise comparison of each founder 
population to its source population with a “pooled” approach that 
took advantage of the increased power availed when selection was 
affecting a locus in each founder population in the same way. Note 
that only loci that are evolving in parallel (adapting in the same way 
to highly similar environments) in the two founder populations could 
be detected by the pooled approach (see Methods for further de-
tails). Our expectation for the pairwise approach was that there 
would be insufficient power to reliably detect true outliers, due to 
strong drift, as found in earlier studies (e.g., Poh et al., 2014).

The number of outliers identified by Bayescan (Figure S9A), 
GWDS (Figure S9B), OutFLANK (Figure S9C) and PCadapt for 
the pooled approach were respectively 10, three, five and 15 
(Figure 2). Overlap between the sets of outliers identified by dif-
ferent scans was restricted to two outliers marked by all selection 
scans (Figure 2c; Figure S9D,E) and one outlier marked by both 
GWDS and OutFLANK. All other SNPs marked by Bayescan were 
fixed in both founder populations for the dominant allele in the 
source population (Figure S9G). All other SNPs marked by PCadapt 
differed strongly between a founder population and the other two 
populations, rather than between the source and both founder 
populations (Figure S9G). The two outlier SNPs called by all four 
selection scans had GWDS and OutFLANK log10- converted p- 
values above respectively 6.62 and 7.16, compared to a Bonferroni 
threshold of 6.05. The Bayes Factors output by Bayescan were 
126 and 1,660. According to alignments to both the cow genome 
and the reindeer genome, the two outliers were adjacent SNPs 
80– 85 kb apart. They mapped to a genomic region of cow chromo-
some 25 that displays a signature indicative of positive selection in 
sister populations: FST peaks for each source– founder comparison, 
and an FST valley for the founder– founder comparison (Figure 2b; 
Figures S10 and S11). As expected for a soft and incomplete se-
lective sweep, sliding window Tajima's D analyses did not reveal a 
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signal of selection for this genomic region (Figure S12), although 
the power is relatively low using RADseq data for this analysis. 
The population- specific MAFs (with the minor allele defined re-
spective to the metapopulation) of the most confidently marked 
outlier SNP equalled 0.05, 0 and 0.64 for respectively Busen, Barff 
and the Norwegian source population (Figure S9G). The adjacent 
SNP had MAFs of 0.11, 0.04 and 0.72 (Figure S9G). Hence, the two 
adjacent outlier SNPs show a consistent signal of positive selection 
on an allele which was the minor allele in the source population.

None of the outliers identified in the pooled approach were identi-
fied by any of the selection scans for pairwise population comparisons 
(Figure S9F). Also, none of the four tests showed overlap between 
the outliers identified in the pairwise comparisons (i.e., outliers of 
the Busen– Norway comparisons differed from outliers of the Barff– 
Norway comparisons). Overlap between selection scan outlier sets per 
pairwise comparison was restricted to the Barff– Norway comparison, 
with one SNP marked as outlier by both GWDS and Bayescan, and two 
SNPs marked by both GWDS and Bayescan (Figure 2d; Figure S9E,G).

F I G U R E  2  Selection analysis. (a) Conceptual model of the two approaches used when running selection analysis. (b) Window FST values 
around position 14 Mb on chromosome 25, the location of the two adjacent outlier SNPs. (c) Venn diagrams of outlier sets outputted by the 
selection scans Bayescan, GWDS, PCadapt and OutFLANK for both the pooled approach (founder- source) as well as both comparisons of the 
pairwise approach. (d) Fdist plots showing the location of outlier SNPs output by the selection scans Bayescan, GWDS, PCadapt and OutFLANK 
for the pooled approach as well as both comparisons of the pairwise approach [Colour figure can be viewed at wileyonlinelibrary.com]

(a)

(c)

(d)

(b)

www.wileyonlinelibrary.com
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HE– FST scores of putative outlier loci clustered to some extent 
by selection scan (Figure 2d). The outlier sets of both PCadapt and 
Bayescan contained predominantly SNPs which were fixed in one of 
either population (Figure S9G). For pairwise comparisons (i.e., Barff– 
Norway and Busen– Norway), the opportunity for putative outlier 
loci to stand out from neutral loci was limited because the overall 
HE– FST distribution filled the entire spectrum of possible HE– FST val-
ues for pairwise population comparisons. The overall distribution of 
HE– FST estimates was less inflated for the pooled data set compared 
to either pairwise data sets (Figure 2d), increasing the opportunity 
for loci under selection to stand out from the neutral distribution 
and hence to be detectable by selection scans.

3.3  |  Wright– Fisher model simulations

To better understand the observed inconsistencies, we estimated 
the power and specificity of the selection scans Bayescan, GWDS, 
OutFLANK and PCadapt on simulated data generated with a 
custom- built Wright– Fisher model simulator. This simulation tool 
was specifically designed to simulate unlinked neutral and adaptive 
allele frequencies in founder and source populations following a 
founder event.

We validated the model by comparing simulation results (i.e., 
proportion of retained alleles and fixation probability and time) with 
established equations from theoretical population genetics (see 
Methods; Figure S13). Consistent with expectations, the observed 
proportion of retained variation depended on the number of found-
ers (Nfounders) and allele frequencies in the source population as fol-
lows: 1 − (1 − MAF)2N_founders (Figure S13A). Fixation probabilities 
approximated (1 − e−2Ne∙sp)/(1 − e−2Ne∙s) (Figure S13B, Kimura, 1962), 
which for nearly neutral alleles corresponded to the mean frequency 
of alleles directly following the founder event, as expected for neu-
tral alleles (s = 0) (Figure S13B). We also confirmed that fixation times 
were less than 4Ne generations for neutral alleles (Figure S13C) and 
less than (2/s)∙ln(2Ne) generations for adaptive alleles (Figure S13D, 
Kimura & Ohta, 1969). This is consistent with expectations, because 
the fixation time of standing variation should fall below the fixation 
time of new mutations.

Our simulations indicated that selection scans generally fail to 
detect the majority of positively selected loci in founder popula-
tions which are founded recently (<20 generations ago) and which 
are small to moderate in size (Ne < 100) (Figure 3; Figure S14, Table 
S6). Specificity scores are generally close to 1 (>99.99% in the case 
of GWDS and OutFLANK), but can nevertheless lead to high false 
discovery rates (e.g., >50%) depending on the proportion of adaptive 

F I G U R E  3  False discovery rates (FDR) of selection scans in young founder populations. Power, specificity and FDR estimates of the 
selection scans GWDS, OutFLANK and PCadapt in recently established founder populations (population age of 20 generations) given 
a sample size of 30 individuals per population, a selection coefficient s of strength 0.1, various constant effective population sizes (Ne) 
without founder bottleneck, and using either the Bonferroni or Holm multiple test correction method. Power estimates give the inverse 
of the false negative rate (1 − FN), that is the proportion of alleles under positive selection that are correctly marked by selection scans as 
outliers. Specificity estimates give the inverse of the false positive rate (1 − FP), that is the proportion of neutral alleles that are not marked 
by selection scans as outliers. The power and specificity scores are based on simulations with 90,000 neutral SNPs and 10,000 adaptive 
SNPs. FDR estimates, the proportions of false positives in the outlier set, are based on the Bonferroni power and specificity estimates 
and are calculated for various proportions of adaptive SNPs (p_adaptive), ranging from 10% to 0.01%, using the formula: (FP*(1 − p_
adaptive))/(FP*(1 − p_adaptive) + ((1 − FN)*p_adaptive)). Left: pairwise approach. Right: pooled approach [Colour figure can be viewed at 
wileyonlinelibrary.com]

(a) (b)

www.wileyonlinelibrary.com
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SNPs in the input data set, an unknown parameter (Figure 3; Figure 
S14, Table S6). We found that GWDS has higher power than PCadapt 
and OutFLANK for scenarios involving relatively low effective pop-
ulation sizes (Ne <50) or inflated null distributions (as in the case of 
the pairwise approach; Figure 3; Figure S14), without compromising 
specificity beyond intolerable levels. The simulations also showed 
that the Bonferroni and Holm correction methods lead to similar 
results (Figure 3) and are more conservative than the Benjamini– 
Hochberg method (Figure S14B).

In small founder populations (e.g., Ne =20), in which drift is 
dominant, the selected loci have a bimodal distribution on the line 
HE = FST (Figure S15), indicating fixation in one of either population 

(supporting methods 2). The group with low HE and FST scores rep-
resents mostly loci which were lost in the founder population after 
the founder event, due to genetic drift overruling the workings of 
positive selection. The group with high HE and FST scores represents 
mostly loci which due to selection reached fixation in the founder 
population. The proportion of selected loci belonging to the first 
group decreases with increasing Ne (Figure S15).

Next we modelled the demographic history of the South Georgia 
reindeer populations as a two- step demographic scenario, consisting 
of a bottleneck of 10 effective founders for one generation, and a 
fixed Ne of 50 individuals during 20 subsequent generations. For this 
demographic scenario Bayescan, GWDS, OutFLANK and PCadapt 

F I G U R E  4  Overlap between selection scans. Overlap between outliers scored by the selection scans Bayescan, GWDS, OutFLANK 
and PCadapt in simulated (a,c) and empirical (d) data sets for the pooled comparison. Simulations are based on 59,000 neutral SNPs 
and 1,000 adaptive SNPs (s = 0.1), and a two- step demographic scenario meant to reflect historical Ne of both South Georgia reindeer 
populations: a bottleneck of 10 individuals for one generation, and a fixed Ne of 50 individuals during 20 subsequent generations. In total, 
56,079 neutral and 701 adaptive SNPs were retained in both founder populations during the founder events. (a) Venn diagram showing the 
simulated overlap between outlier sets and true loci under positive selection. (b) Expected number of false positives (black line), calculated 
as (1 − specificity)*56,079 SNPs, vs. the number of putative outliers outputted by selection scans for all three comparisons (i.e., Barff vs. 
Norway, Busen vs. Norway, and Barff and Busen vs. source). Specificity estimates were calculated from simulated data (see Figure 3). 
(c) Scatterplots comparing selection scan output statistics of simulated neutral (black) and selected (red) loci using the pooled approach. 
Dashed lines indicate outlier thresholds (i.e., all loci above these thresholds are marked by the selection scan as outliers). Numbers indicate 
the number of adaptive SNPs per segment. Bayescan p- values (posterior probabilities) cannot be directly compared to the frequentist's 
p- values of the other three selection scans, and are therefore omitted. (d) As (c), but for empirical rather than simulated data sets. Red dots 
indicate the SNPs marked by either of the two selection scans [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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marked respectively 12, one, zero and 26 out of 59,000 neutral loci 
as false positives, translating to specificity scores of respectively 
99.980%, 99.998%, 100% and 99.956% (Figure 4a; Figure S16). The 
total number of outlier SNPs marked by the four selection scans 
in our empirical data sets fits the expected number of false posi-
tives based on these specificity scores and the size of our data sets 
(Figure 4b). The simulations furthermore suggested that (given the 
demographic scenario described above):

1. nearly all SNPs marked by two (or more) scans are true adap-
tive loci (Figure 4c);

2. the majority of adaptive loci which are marked as outliers with 
the pooled approach are not marked as outlier with the pairwise 
approach, and vice versa;

3. when plotting the GWDS test scores of both independent pair-
wise comparisons against each other, our three putative loci 
identified from the pooled approach are positioned in a plot 
region which according to our simulations holds adaptive loci 
exclusively.

3.4  |  Identification of genomic features in 
proximity to outlier SNPs

The closest known gene to the nonadjacent outlier SNP is HAO1, 
which codes for the protein hydroxyacid oxidase. This gene is, how-
ever, separated from the outlier SNP by a stretch of 200 kb contain-
ing four nonoutlier SNPs, and is therefore unlikely to be of interest 
(Figure S17).

Alignments to both the reindeer and the cow genome indicated 
the presence of an exon in between the two adjacent outlier SNPs 
(Figure S17). This exon is part of a gene coding for myocardin- related 
transcription factor B, known as both MRTF- B and MKL2. MKL2, 
short for megakaryoblastic leukaemia 2, is a member of the myocar-
din family (Selvaraj & Prywes, 2003). This family contains the protein 
myocardin (MYOCD), the transcription factors A and B (MKL1 and 
MKL2), and MASTR (Swärd et al., 2016).

4  |  DISCUSSION

In this study we capitalized on a seminatural experiment to search 
for shared signals of selection in two sister reindeer populations 
which were founded in geographically isolated but environmentally 
similar habitats a similar number of generations ago. To evaluate 
our empirical findings, we assessed the power and specificity of 
selection scans using simulated data sets generated with a custom- 
built Wright– Fisher model simulator. Our overall aim was to gather 
empirical evidence that founder populations can start adapting 
directly following a founder event, even when the bottleneck ef-
fect is severe, though of course this does not provide the level of 
confidence about adaptation that would be possible in a controlled 
experiment.

4.1  |  Genetic evidence for adaptation within South 
Georgia reindeer populations?

Inconsistency in outlier sets produced by different selection scans, 
as reported in this study as well as other studies (e.g., figure 2a 
in Andrew et al., 2018; figure 3a in Chen et al., 2018; figure 5 in 
Heppenheimer et al., 2018; figure 3 in Fuller et al., 2019, figure 5 in 
Takeuchi et al., 2019), can result from both false positives and false 
negatives. Our pooled approach identified three SNPs which were 
marked as outliers by two or more selection scans. Two of these SNPs 
were detected by all four methods, whereas the third was identified 
by GWDS and OutFLANK (Figure 2c). Our simulations indicated that 
within our data sets false positives are uncommon among SNPs de-
tected by two and especially by three selection scans (i.e., Bayescan, 
GWDS and PCadapt, Figure 4a), and therefore imply these three 
SNPs are probably true loci under (linked) selection (Figure 4c,d). 
Our simulations furthermore show that this conclusion is not con-
tradicted by the fact that these SNPs were not detected by either of 
the pairwise comparisons (i.e., Busen– Norway and Barff– Norway).

A potential confounding factor which cannot be easily assessed 
through simulations is the effect of genotyping errors. However, the 
adjacent positioning of two of the outlier SNPs argues against geno-
typing errors. These two adjacent SNPs share a congruent signal of 
selection despite being located on different sequencing reads. The 
improbability of any pair of unrelated outlier SNPs being adjacent 
by chance, given the small proportion of outlier SNPs (three out of 
~56 k SNPs in total), greatly diminishes the chance that their unusu-
ally high FST values result from sequencing errors.

Concerns have been raised that RADseq- based selection scans 
might lack the resolution to detect selective sweeps, because the 
spacing between SNPs might exceed the extent of LD (Lowry et al., 
2016). The detection of adjacent outlier SNPs, being in high linkage 
despite considerable physical distance (80 kb), provides strength to 
the belief that under certain circumstances low- density SNP cata-
logues can suffice to detect at least a subset of loci under selection 
(Catchen et al., 2017). Population bottlenecks complicate, through 
the workings of genetic drift, the detection of adaptive loci, but the 
effect cuts both ways. The associated decrease in population recom-
bination rate can in turn facilitate outlier detection. Observed and 
predicted mean LD values in our two founder populations (Figure 1a; 
Figure S6F,G), was approximately 0.3– 0.4 at 100- kb distance, which 
corresponds to Pearson correlation coefficients ranging between 
0.55 and 0.63. More than 25% of all SNP pairs within 100- kb dis-
tance showed LD- scores above 0.5, corresponding to Pearson cor-
relation coefficients of 0.7 or higher.

It is also possible for variation in selection or the recombination 
rate across the genome to influence the detectability of signals for 
selection. Recombination rate variation determines the size of a se-
lective sweep, and hence detectability. Therefore, outlier detection 
is facilitated if positive selection occurs on an allele in a region with 
low recombination rate. On the other hand, it could be argued that 
high recombination rates can more easily break down linkage to a 
potential neighbouring allele under purifying selection, and thereby 
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allow the establishment of small selective sweeps which are difficult 
to detect but would not have occurred in regions of low recombina-
tion rates.

According to the SNP data set generated with stacks version 
1.35, one of the two loci containing an adjacent outlier SNP con-
tained next to the outlier SNP a neutral SNP. This neutral SNP, 
34 bp distant from the outlier SNP, had population- specific MAFs 
of 0, 0 and 0.01 for respectively Busen, Barff and Norway (source 
population; Figure S16). Given the improbability of a recombination 
event at such a short distance (Johnston et al., 2017), the different 
fates of both alleles can only be explained if these alleles were not 
in complete linkage in the original founder population. The only copy 
of the adjacent neutral allele sampled in the source population oc-
curred in an individual which was heterozygous for both the neutral 
SNP and the outlier SNP, providing little scope to estimate linkage. 
Furthermore, this particular SNP was not present in the SNP data set 
generated by stacks 2.2.

Our simulations assumed an evolutionary scenario in which 
(nearly) neutral alleles occur originally at low frequency in mutation- 
drift equilibrium in the source population, and become adaptive and 
eventually fixed in the founder populations due recolonization to a 
new environment. The fact that in the source population the alleles 
of interest have higher frequencies (1 − 0.64 = 0.36, 1 − 0.72 − 0.28) 
than the average MAFs in the source population (~0.15) might ap-
pear in disagreement with this hypothesis. However, it can be argued 
that low- frequency alleles are less likely to survive both founder bot-
tlenecks. Because parallel selection can occur only on alleles which 
are present in both founder populations, it is perhaps not surprising 
that the outlier alleles have relatively high frequencies in the source 
population.

One alternative evolutionary scenario could be that the selec-
tive event has occurred in the source population rather than in the 
founder populations, due to changes in the source population envi-
ronment occurring after the founder events. However, the amount 
of environmental change in the source population is likely to have 
been far less over this time frame than that experienced during 
the transfer to the novel environment experienced by the founder 
groups in South Georgia. The higher frequencies in the source pop-
ulation may also simply be neutral alleles drifting towards fixation in 
a finite population.

4.2  |  Hypothetical phenotypic trait under selection

If the identified outlier region(s) are indeed true loci under posi-
tive selection in the founder populations, what were the associated 
phenotypic traits under selection? Insular populations famously 
exhibit evolutionary trends in both morphological and behavioural 
traits (Losos & Ricklefs, 2009). One of these trends, the island rule 
or Foster's rule, involves changes in body size and predicts dwarfing 
of big species and gigantism of small species (Foster, 1964; Lomolino 
et al., 2013; Rozzi & Lomolino, 2017). Cervidae are among the taxo-
nomic groups which are particularly susceptible to insular dwarfing 

(Lomolino et al., 2013), and reindeer are no exception. Multiple insu-
lar populations of reindeer are characterized by reduced leg length, 
most extremely the Svalbard reindeer (Klein et al., 1987). No evi-
dence exists, however, for decreased leg lengths or decreased body 
size in South Georgia reindeer (Leader- Williams, 1988).

Rather than being associated with insularity, it is also possible 
that traits under selection in the South Georgia populations were 
associated with factors specific for the South Georgia habitat. 
Environmental differences between South Georgia and the habi-
tat of the Norwegian source population included a higher salinity 
(sea spray and greater proportion of marine grasses), the absence 
of predators, a milder climate (although with more heavy winds, 
Leader- Williams, 1988, p. 36), and dietary changes due to vegetation 
differences. According to investigations by Leader- Williams (1988), 
this last category might have led to increased mortality rates among 
the South Georgia reindeer.

South Georgia reindeer mortalities followed patterns typical for 
deer, with females dying mostly in late winter and males dying mostly 
in early winter, after the rut (Leader- Williams, 1988). However, one 
mortality factor not commonly observed for insular populations, nor 
in the Norwegian source reindeer population, was dental disease 
(Leader- Williams, 1988). Symptoms varied from missing to split or 
broken mandibular premolars and molars, regularly accompanied 
by mandibular swellings (Leader- Williams, 1982). These mandibular 
swellings affected 9%– 19% of all individuals within both populations 
(Leader- Williams, 1982, table 1). As mandibular swellings are likely to 
reduce the efficiency of chewing and therefore energy uptake, they 
could affect survivability. Indeed, Leader- Williams (Leader- Williams, 
1982, table 3) found that 22.9% of over 100 examined carcasses 
were affected, whereas based on the prevalence in living individuals 
a proportion of 15.1% was expected. Field observations also suggest 
that affected individuals coupled their higher mortality rates with 
lower fecundity (Leader- Williams, 1988, p.177).

Both radiographic and chemical analyses showed severe os-
teoporosis of mandibles, increasing with age and being more pro-
nounced in individuals with mandibular swellings (Leader- Williams, 
1988, p.174). Leader- Williams (1988) hypothesized a scenario in 
which a combination of overpopulation and limited availability of 
nutrient- rich vegetation led to mineral deficiencies in the South 
Georgia reindeer. This caused osteoporosis in mandibulars, and in-
creased susceptibility for tooth damage and tooth loss (Darcey et al., 
2013), perhaps aided by increased susceptibility for infections by 
micro- organisms (Leader- Williams, 1988, p.175). We suggest that 
the South Georgia reindeer might have possessed heritable varia-
tion in susceptibility to mandibular osteoporosis and tooth damage, 
resulting from the presence of a polymorphism within MKL2 itself 
or within cis- regulatory elements. Although we agree that mineral 
deficiencies in the newly colonized environment could explain the 
sudden manifestation of a previously unseen condition, we also note 
that genomic stress resulting from bottlenecks can impact morphol-
ogy (Lovatt & Hoelzel, 2011).

MKL2 enables protein kinase activity and ATP binding, and 
is involved in protein phosphorylation. It is a transcriptional 
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coactivator of the serum response transcription factor (SRF). SRF 
controls the expression of muscle- specific genes, and is required 
for both striated and smooth muscle differentiation (Selvaraj & 
Prywes, 2003; Swärd et al., 2016). The exact mechanism by which 
an MKL2 allele could have counteracted mandibular osteoporosis 
and tooth damage despite mineral deficiencies is unknown, and 
hypothesized mechanisms are speculative by nature. However, 
one possible mechanism is that MKL2 variants infer increased re-
sistance to tooth disease by acting upon E- cadherin (Guo et al., 
2014). E- cadherin enables calcium ion binding and is involved in 
cell adhesion. E- cadherin- mediated cell– cell adhesion and signal-
ling plays an essential role in the development and maintenance 
of healthy epithelial tissues (Guo et al., 2014). Teeth have a mes-
enchymal as well as an epithelial component, and E- cadherin is 
thought to regulate odontogenesis (Heymann et al., 2002; Li et al., 
2012).

4.3  |  Adaptive constraints of founder populations?

Theory predicts that bottlenecks negatively affect the adaptive ca-
pacities of founder populations through a reduction of genetic vari-
ability (i.e., reduction of adaptive potential, Willi et al., 2006) and a 
temporal increase of the magnitude of genetic drift.

Our simulations and empirical data indeed indicate severe loss 
of genetic variation within the South Georgia founder populations. 
As a result, only a minority of potential adaptive alleles can be 
expected to have been retained in both South Georgia founder 
populations. The implication is that most selective events are 
expected to be private events, limiting the potential for parallel 
adaptive evolution. Hence, although parallel adaptation can help 
overcome the difficulties associated with selection analyses (es-
pecially so in founder populations), practical limitations need to be 
taken into consideration. Adding additional populations does not 
guarantee increased power, because the probability of a shared 
selective event in all populations decreases with the number of 
populations investigated. This might explain the findings in ear-
lier studies on parallel populations, which has provided limited 
evidence for shared selective events (Perrier et al., 2013; Roesti 
et al., 2014).

With regard to the increased magnitude of genetic drift due to 
small population size, our simulations confirm that even in the face of 
strong genetic drift, selection of sufficient strength (e.g., s = 0.1) can 
drive a proportion of adaptive alleles to fixation within a relatively 
short time frame (e.g., 20 generations) depending on the magnitude 
of drift (as determined by Ne; Figure S14). Of course, if an adaptive 
allele happened to increase in proportion following stochastic sam-
pling during a founder event, that may favour its chance of fixation, 
though this will still depend on Ne and the selection coefficient (e.g., 
see Kimura, 1962). At the same time, favourable alleles may be lost 
by stochastic sampling, and thereby removed from exposure to se-
lection, or slightly deleterious alleles may go to fixation unless selec-
tion against them is strong (e.g., Feng et al., 2019).

4.4  |  Are selection scans poorly designed or are 
adaptive loci simply undetectable?

Our simulations provided estimates of the power and specificity of 
three R tools for selection analysis (GWDS, PCadapt and OutFLANK) 
in the context of pairwise source and founder population compari-
sons in the absence of gene flow, and assuming complete linkage of 
genotyped SNPs to causative SNPs. We evaluated the performance 
of each test for various combinations of selection coefficients (s) and 
founder effective population sizes (Ne) (Figure 3; Figure S13) in re-
cently diverged populations. The focus of this simulation study dif-
fers both in the methodology and aim from earlier simulation studies, 
which evaluated the performance of selection scans under varying 
demographic models (De Mita et al., 2013; Lotterhos & Whitlock, 
2014; Luu et al., 2017; Narum & Hess, 2011).

Our simulation outcomes are informative for the particular case 
of heterogeneous selection on standing variation in systems of 
source– founder populations in the absence of gene flow, and cau-
tion should be exercised when extrapolating the results to other 
demographic scenarios. Furthermore, because our simulation tools 
simulated allele frequencies on an SNP by SNP basis, they did not 
allow us to assess the dependency of the performance of selection 
scans on recombination rates, nor the potential interference with 
background selection. The results presented in this study hold true 
only for SNPs which are either causative SNPs themselves or in 
(near) complete linkage to causative SNPs. A potential shortfall of 
our simulations is that they did not account for the potential con-
founding factor of missing data variability across SNPs. Both GWDS 
and OutFLANK infer an outlier threshold from the observed distri-
bution of SNP by SNP population differentiation scores. It is possible 
that variation in levels of missing data can affect the shape of this 
distribution, and as a result bias outlier detection.

Our simulations indicated strong dependency of the performance 
of selection scans on both s and Ne, with poor power resulting from 
low Ne and/or low s, exacerbated by the sampling effect. For Ne ≤ 
50, the majority of positively selected loci were not detected by any 
selection test, unless the selection coefficient was high (s ≥ 0.15). 
Our simulations suggest that under certain demographic scenar-
ios the software OutFLANK has relatively low power, as reported 
previously (Bernatchez et al., 2016; Luu et al., 2017). However, our 
simulations also confirm the claim of OutFLANK developers that 
for other scenarios OutFLANK has very high specificity without 
greatly compromising its power (Lotterhos & Whitlock, 2015). The 
low specificity scores of PCadapt for the pooled approach should 
not be considered evidence that PCadapt performs poorly, because 
PCadapt is not designed for the particular purpose to which it was 
applied in this approach. PCadapt cannot be forced to detect out-
liers for a prespecified population division, but instead outputs all 
outliers for all putative population divisions.

Although the original aim of our simulations was to investigate the 
false discovery rate of selection scans and thereby quantify the prob-
ability that the observed outliers in our empirical data sets were not 
false positives, the simulation results can also be viewed in a different 
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way. The selection scans OutFLANK and GWDS, presented in this 
study, are designed to mark SNPs which stand out from the overall 
distribution. The implicit assumption behind these tests is that SNPs 
under selection will stand out from the overall distribution. However, 
this assumption is often violated (Figure S15). Therefore, if assuming 
that OutFLANK and GWDS correctly mark SNPs which stand out, 
the selection scan power estimates can be taken as estimates of the 
efficiency of selection in the context of the underlying demographic 
scenario. In other words, the obtained power estimates of the selec-
tion scans do not in fact reflect the selection scan itself, but rather 
the outcome of the interplay between selection and genetic drift. 
Simulated Fdist plots (Figure S15) indeed indicate that the low power 
and specificity of selection scans in the context of small founder pop-
ulations probably reflect the confounding effect of drift overriding 
and obscuring positive selection rather than flawed test designs.

Genetic drift can make selected loci indistinguishable from 
neutral loci in two ways. Drift can moderate or even counteract 
selection- driven allele frequency change, and drift affects the back-
drop of neutral variation from which selected loci need to stand out 
in order to be detected by selection scans (Whitlock & Lotterhos, 
2015). In small isolated populations the time window in which posi-
tively selected loci can stand out from the backdrop of neutral vari-
ation (i.e., approach and reach fixation before neutral alleles do so) is 
limited or near absent (Figure S14). In larger populations, in contrast, 
neutral alleles take longer to reach fixation, which provides a time 
window for adaptive loci to stand out. In the presence of gene flow, 
the allele frequencies in populations are correlated, and FST values 
do not converge to 1, extending the time window in which heteroge-
neous selection can make adaptive loci stand out.

Visual inspection of simulated HE– FST distributions confirmed 
that whether selected loci stand out from neutral loci depends both 
on the sample size (i.e., number of genotyped individuals per pop-
ulation) and on the long- term effective population size (Ne) of the 
founder population (Figure S14). For Ne =20, the distribution of neu-
tral alleles nearly fills the entire shark fin- shaped HE– FST spectrum, 
obscuring most loci under selection. For Ne ≥ 50 there is greater 
opportunity for loci under selection to be detected (Figure S14).

The simulation results presented in this study should therefore 
not be interpreted to mean that selection scans overlook many 
events of positive selection. Instead, the low power estimates indi-
cate that, in the context of founder populations, selection is often 
overruled by drift. Whereas a previous study (Poh et al., 2014) found 
that SFS- based selection scans are powerless in the context of re-
cently bottlenecked founder populations, our simulations show that 
FST- based selection scans (including GWDS) do provide some power. 
However, we also stress that FST- based selection scans can detect 
positive selection events during a restricted time window only. The 
upper boundary of this time window is roughly 4Ne generations after 
the vicariance event, assuming the absence of gene flow. Outside of 
this time window, other types of selection scans will prove more ef-
fective (Oleksyk et al., 2010).

5  |  CONCLUSIONS

We screened for signals of selection in two recently established 
and heavily bottlenecked reindeer founder populations using a 
ddRADseq data set, and detected two adjacent SNPs which were 
marked as outliers by all four selection scans and which potentially 
result from parallel positive selection. We furthermore presented 
a new selection scan, called GWDS, well suited to our study sys-
tem, together with Wright– Fisher model simulations which gener-
ated power and specificity estimates of GWDS and of PCadapt 
and OutFLANK. Our simulations showed that positive selection 
events in small founder populations are most likely detected by 
GWDS. We hypothesize that our detected genetic signals of se-
lection correspond to differential survival rates and consequent 
fitness variation among individuals with and without mandibular 
swellings resulting from dental disease. This study therefore pro-
vides both in silico and empirical evidence that although founder 
bottlenecks restrict adaptive potential, small founder populations 
can nevertheless start adapting to their novel environment di-
rectly following a founder event, and this signal can be detected 
using genomic data.
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