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Figure 3: Demographic parameter estimates are shown for bottleneck simulations based on the 

true model shown on the left. Simulations with RHH showed relatively little bias for the duration 

and time since the bottleneck, but moderate bias for the time since recovery.  
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Impact of SELECTION on the Demography Inference

Schrider et al. 2016
inferred on average (although there is a fair bit of vari-
ance; Figure 5A). However, when there has been only a
single selective sweep, a population bottleneck near the
time of the sweep is inferred, in which the population con-
tracts to approximately one-half of its original size before
recovering to greater than twice its original size (Figure
5B). When there have been three or five recurrent selective
sweeps, the inferred population contraction becomes in-
creasingly severe (Figure 5, C and D). In the five-sweep
case, we typically infer a contraction down to roughly one-
fourth of the original size, although the subsequent growth
phase is less dramatic than that inferred from the one- and
three-sweep cases. We also find that a recurrent hitchhik-
ing regime substantially biases the inferred population size
history when the rate of hitchhiking becomes appreciable
(i.e., $1 sweep per 15-Mb region every 2N generations;
see Figure S7). In particular, recurrent hitchhiking leads to
a case where the population is in constant recovery from a
loss of polymorphism, thus even though population size
has remained constant, PSMC infers a population size his-
tory that looks like population growth. Selection also biases
PSMC’s inference when the population size varies over time: in
Figure S8 we show that under our contraction-then-growth
model, the duration of the bottleneck is greatly overesti-
mated as sweeps are added to the scenario, with a more
ancient contraction inferred. In addition, C and D of Figure
S8 suggest that the extent of exponential growth during
the recovery phase is underestimated when very recent
sweeps have occurred. Thus, we find that positive selec-
tion can dramatically skew population size histories de-
duced by PSMC.

Positive selection produces spurious support for
nonequilibrium demographic histories

Demographic inference methods are often used not only to
infer parameters of amodel, but increasingly to select the best
fitting among several competing models (e.g., Adams and
Hudson 2004; Fagundes et al. 2007; Duchen et al. 2013).
To ask whether positive selection might affect the outcome
of demographic model selection, we simulated genomes with
constant population size, again sampling loci for which some
fraction, f, is located within c/s # 1 of a selective sweep. We
then performed model selection among our four demographic
histories (Figure 1) using both @a@i and ABC (Methods).

Prior to performing model selection with @a@i, we first
examined the degree of support for each model when fit to
each data set using the AIC. Examining the differences in AIC
between models, we found that even a moderate number of
selective sweeps will cause nonequilibrium demographic sce-
narios to have far stronger support than the true equilibrium
history (Figure S9). This is especially so for the bottleneck
and contraction-then-growth models, which achieve better
support than the equilibrium model even at small values of f.
For example, when f = 0.2, the bottleneck model receives
an AIC lower than the equilibriummodel in 90% of cases, and
the contraction-then-growth model has a lower AIC 72% of
the time (Figure S9). By contrast, the pure growth model is
supported to a lesser extent (a lower AIC in 54% of cases),
and occasionally failed to optimize properly, settling on a very
low-likelihood parameterization—an indication of a poorly
fittingmodel. The better fit of the bottleneck and contraction-
then-growth models is likely because they better model the
genealogy of a region experiencing a selective sweep: much

Figure 5 Population size histories inferred
by PSMC. Inferred size histories for each
of 100 replicate simulations are shown
as thin gray lines, and the median across
all replicates is shown as the thicker line.
In all cases the simulated population’s
size was constant throughout. (A) Pop-
ulation size histories inferred from neutral
simulations. (B) Inferences from simulations
with one selective sweep, for which the
fixation time is shown as a dashed green
vertical line. (C) Inferences from simulations
with three recurrent selective sweeps. Fix-
ation times for the two older sweeps are
shown as dashed green vertical lines, while
the most recent sweep fixed immediately
prior to sampling. (D) Five recurrent selec-
tive sweeps, with fixation times for the
four oldest shown as dashed vertical lines;
again, the most recent sweep fixed imme-
diately prior to sampling.
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Impact of DEMOGRAPHY on the Detection of Selection

Analysis of a human genetic variation data set

We screened the data from nine unrelated European
individuals sequenced by Complete Genomics
(Drmanac et al. 2010) for selective sweeps to prove the
utility of our improvements to SWEEPFINDER. We compare
the composite likelihood ratio across the whole genome,
calculated using only polymorphic sites (CLR1), with
our new approach by including fixed differences with
respect to chimpanzees into the calculation (CLR2). To
account for varying diversity across the genome due to
background selection, we also incorporate the B-value
map from McVicker et al. (2009) into the calculation of
CLR2, henceforth referred to as CLR2B.

Due to the complex human demography and the added
complication of background selection, we do not calculate
critical values, but report the 0.2% most extreme regions
in Table 1. This approach has previously been used in
other selection scans (e.g. Voight et al. 2006) under the
argument that it is an outlier approach, although we

notice that no formal testing has been carried out here or
in Voight et al. (2006) to determine the degree to which
the most extreme values indeed are outlying with respect
to some parametric distribution. We note however that,
based on neutral simulations under a simple bottleneck
model with parameters taken from Lohmueller et al.
(2011b), we would expect 8 sweep signals genomewide
above the CLR2B threshold of 270, suggesting 33 true pos-
itives amongst our 41 candidates in Table 1.

The strongest sweep signal is on chromosome 4, 33.6
Mbp, a region without any annotated genes. The closest
gene, ARAP2 , is 2.15 Mbp downstream from the CLR2
peak. This sweep region has a B-value close to one and
a strong reduction in diversity relative to divergence.
The peak in CLR1 shows that this region is character-
ized by a sweep-like site frequency spectrum. This
region was also listed as a candidate region in LD-based
(Voight et al. 2006; Wang et al. 2006; Kimura et al. 2007;
Sabeti et al. 2007) and SFS-based sweep scans (Carlson
et al. 2005; Kelley et al. 2006; Williamson et al. 2007).
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Fig. 5 Robustness to population bottlenecks. (a) Illustration of the bottleneck model used for the simulations, with varying onset
time, duration and bottleneck strength leading to population size changes over time. ‘Strength’ is defined as Ne(b)/Ne the effective
population size during the bottleneck (Ne(b)) divided by the effective population size before or after the bottleneck (Ne), ‘duration’ is
measured in number of generations divided by 2Ne, and ‘onset’ is number of generations as the bottleneck started divided by 2Ne.
(b) Proportion of false positives (probability of observing at least one wrongly inferred sweep) for bottleneck models if the null
model for calculating statistical significance is based on a wrong constant size model with the same average number of SNPs and the
same mutation to recombination ratio (see Methods for details). Each 100 kb simulated region is scored significant if it contains at
least one significant outlier CLR at the 5% level.
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selection, although new methods are emerging that may
ultimately lead to a simultaneous estimation of demog-
raphy and selection. These new methods make use of
the latest developments in statistics (Pavlidis et al. 2010;
Lin et al. 2011), explore aspects of the data that had
been neglected hitherto (Li 2011) or take advantage of
the emergence of population genomic data (Gottipati
et al. 2011; Hernandez et al. 2011; Sattah et al. 2011).
None of these methods truly constitutes a joint estima-
tion method of demography and selection. In the mean-
time, the most realistic path of action seems to first use
a likelihood or ABC approach to estimate the distribu-
tion of demographic and genetic parameters and then
look for outliers. At that stage, one may also try to
obtain an independent estimate of selection on individ-
ual loci, for instance, by using the MFDM test. If the
number of loci detected by both approaches is large
and recombination is limited, one knows at least that
the demographic estimates might be questionable. If, on
the other hand, the number of loci detected by both
approaches is limited, one may reasonably assume that
selection either directly or through hitchhiking has not
been powerful enough to affect estimates of demo-
graphic parameters. Also, in species where recent selec-
tion is not too strong, it will help to consider sites
distant from genic regions when assessing demography
as a consistent decrease of polymorphism is observed
in the latter (Gottipati et al. 2011; Luca et al. 2011).

Second, there is much to gain by including as much
information as possible on the biology of the species,
including its past history. As we have argued earlier,
selection events are likely to be associated with major
demographic transitions. The Hernandez et al.’s (2011)
is particularly instructive in this respect as it shows that
even with extensive genomic data at hand, detecting the

signature of selection remains a difficult task, at least in
organisms such as humans with a limited effective pop-
ulation size. One of the main conclusions of this study is
that ‘in search for targets of human adaptation, a change
of focus is warranted’. Until recently, most studies of
selection in the human genomes have focused on selec-
tive sweeps. However, those appear rare and there are
also good biological reasons to expect them to be so
(Pritchard et al. 2010). Instead, Hernandez et al. (2011)
believe that what is needed are ‘new tests to detect other
modes of selection, such as comparisons between closely
related populations that have adapted to drastically dif-
ferent environments or methods that consider loci that
contribute to the same phenotype jointly’. We certainly
agree that an approach more rooted in the ecology of
the species under study than current genome scans
would be the way forward when searching for genes
under selection, as well as an explicit consideration of
the factors that led to the selection pressure (the envi-
ronments) and its target (the phenotype). It remains to
be seen whether this will lead to the discovery of large
amount of positive selection or whether natural selection
has actually played a limited role in the recent evolution
of species like humans, but it definitely offers a promis-
ing alternative to available methods.

Recombination, which we have avoided discussing at
any length, is also an important factor when attempting
to separate genetic signatures of demography from
selection. The underlying rationale for outliers in
genomic scans representing selected sites is that demog-
raphy will affect the whole genome—equally—while
selection only affects parts of it, but this is only true if
there is recombination. Recombination is in fact a key
parameter in many of the methods for detecting selec-
tion. Some approaches deal with recombination directly

Table 1 Summary of the methods presented in the paper whose aim is to jointly estimate selection and demography or estimate
selection while controlling for demographic effects

Methods Strength Weakness References

Combining summary
statistics

Ease of use Sensitive to both demography
and selection

Grossman et al. (2010)

Machine-learning
algorithms

Decrease in the number of false
positive

Same as above Pavlidis et al. (2010)
Lin et al. (2011)

Likelihood models Optimal use of the data. Closest
approach to a true joint analysis
of demography and selection

Limited to simple models Williamson et al. (2005)
Li & Stephan (2006)
Nielsen et al. (2009)

Approximate Bayesian
computation

Easy to implement and can
consider realistic models

Approximate method Tavaré et al. (1997)
Pritchard et al. (1999)
Beaumont et al. (2002)

Unbalanced tree Low sensitivity to demography So far limited to completed
sweeps and selection on
standing variation with
lowfrequency

Li (2011)
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The "power" of temporal datasets

"We can see evolution in action"



seems likely that a non-Aterian MSA continues in some
regions alongside and even after the Aterian [36,37].

The Jebel Irhoud cave was exposed during quarrying
operations in a Baryte mine and since 1961 has produced
faunal remains, non-Aterian MSA archaeology and at least
seven fossil hominins, with several more specimens found
since 2007 awaiting publication. The fossil human remains
are from low in the stratigraphic sequence, the best known
being a cranium (JI1), a calvaria (JI2) and the mandible of
a child (JI3) [38]. The cranium is relatively long and low
with smooth rather than angular contours. It has a strong
continuous supraorbital torus anterior to a somewhat
domed frontal, and parallel-sided cranial vault with a
capacity of about 1305 cm3 [39]. The face is large and
especially broad in its upper dimensions, with flat angled
cheekbones and a broad but low nose, below which is sig-
nificant alveolar prognathism. JI2 is a somewhat larger,
more robust and angular calvaria, with a cranial capacity
of approximately 1400 cm3 [39]. It has a greater occipital
projection and angulation, more modern parietal and frontal
shape, but equally strong supraorbital development.
Although comparisons of midline contours suggest
H. sapiens affinities for both cranial vaults, multivariate
studies indicate somewhat closer affinities for JI2 to recent
human samples [40,41]. Both display some phenetic resem-
blances to early modern specimens such as those from
Qafzeh, Skhul and Herto, though they lack their upper par-
ietal expansion. In cranial vault (but not facial) form, there
is nevertheless an overall resemblance to the Sima fossils
and other early Neanderthals. The JI3 immature mandible
presents a rather contrasting gracile body and large pos-
terior teeth, and anteriorly may show incipient chin
development. JI4 is a robust partial humerus, despite its
immaturity, while there is also a further immature pelvic
fragment. Overall, there is enough preserved of JI1 to indi-
cate that it does not represent anatomically modern H.
sapiens, although there are hints of ‘modern’ basicranial flex-
ion in the relationship of the face and vault. JI2 and 3 are
more difficult to assess because of their incompleteness,
but the teeth of Irhoud 3 were subjected to synchrotron
analysis which suggested an age at death of about 8
years, and a modern developmental pattern [42]. At the
same time, an ESR analysis of its tooth enamel suggested
an age of approximately 160 ka, which seems very likely
to be a minimum figure.

The Rabat (Kebibat) hominin from Morocco consists of a
very fragmentary cranial vault with more complete upper
and lower jaws. The large teeth are typical of middle Pleisto-
cene specimens from North Africa, but the mandible has
elements of a mental trigone and a vertical symphysis,
while the occipital region is high and relatively rounded
[38]. However, the individual is subadult and so caution
must be exercised in interpreting its morphology. Faunal cor-
relation places the Rabat specimen in the late middle
Pleistocene.

The Moroccan cave of Dar-es-Soltan II has produced an
immature calvaria, an adolescent mandible and the anterior
part of a skull with associated hemimandible. The anterior
vault of DeS5 is high and very large, with a strong but
divided supraorbital torus over a low, broad and flat face,
with a low but broad nose. There are indications of a
canine fossa and of alveolar prognathism. The mandible
and the preserved posterior dentition are also large, but illus-
trations are deceptive in indicating the lack of a chin—the
symphysial region is in fact broken off. Deciding on how to
classify DeS5 is difficult—it has a rather modern-looking
face and frontal bone shape, but both are very large in size,
as is the supraorbital development. Although previous
assessments have suggested that it could represent an Aterian
intermediate between the MSA-associated Irhoud specimens
and those of the Iberomaurusian (i.e. local late Upper Palaeo-
lithic), morphometric analyses place it closer to Jebel Irhoud 1
and the Qafzeh crania than to the late Pleistocene fossils [36].

The caves of El-Aliya and Témara (Morocco) have produced
fragmentary human cranial fossils from MSA/Aterian contexts.
The Aliya material includes a large maxilla and teeth, but
despite previous assertions, the preserved cheek morphology
seems rather flat and non-Neanderthal [43]. However, not
enough is preserved for definitive statements about the affin-
ities of the material. The Témara specimens consist of some
vault fragments, lacking a supraorbital torus and a mandible,
which can more definitely be allied with modern H. sapiens.

A number of other Aterian sites have produced dental
material which was analysed by Hublin et al. [43]. The cave
of Zouhrah at El Harhoura yielded a mandible and canine
during excavations in 1977, while the Grotte des Contrabandiers
(Temara) has been under intermittent excavation since 1955
with early discoveries of material such as a robust and large-
toothed mandible (in 2009 a still-unpublished immature
human skeleton was recovered from Aterian levels apparently

10 cm

Figure 1. Left lateral views of African and Israeli archaic and early modern Homo sapiens crania (replicas unless otherwise stated). Top (L to R): Florisbad,
Jebel Irhoud 1, Jebel Irhoud 2 (original), Eliye Springs, Guomde (reversed), Omo 2. Bottom (L to R): Omo 1, Herto (original, reversed), Ngaloba, Singa, Skhul
5, Qafzeh 9.
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SUPPORT FOR EXPERIMENTAL EVOLUTION RESULTS BY
INDEPENDENT METHODS
Despite its conceptual appeal, E&R studies face a lot of uncharted
territory. For example, guidelines for experimental design and data
analysis (Box 1) were not available for the first studies. Therefore,
several E&R studies used additional techniques to provide independent
evidence to support the E&R results. In the following, we will highlight

the results of E&R studies based on truncating selection and
accompanying validation strategies adopted by some of these studies.

Hypoxia tolerance
Having selected a Drosophila melanogaster population for an increased
ability to tolerate low oxygen concentrations over 200 generations,
Zhou et al. (2011) identified 188 candidate genes located in genomic

Phenotypic response to selection 
e.g. dark pigmentation in response to UV radiation 

Analysis of allele frequency change

STARTING 
POPULATION

Genotypic response to selection 
e.g. causative variant increases in frequency

e.g. contrast allele frequencies

between base and selected population 

Pool-Seq
e.g. base and selected population

Generations of selection 60300

Figure 1 Overview of E&R studies. (a) A population of flies is exposed for 60 generations to ultraviolet (UV) radiation (purple arrows). We assume here, for
the sake of illustration, that darker pigmentation is beneficial in high UV environments, whereby darker flies will increase in frequency. (b) At the genotypic
level, the allele frequency of the causative allele (dark brown) will increase, more so than hitchhiking variants (dark gray background) that will be recombined
onto other backgrounds (breaks between dark and light gray background). (c) The allele frequencies of the starting population and the selected population
are measured with Pool-Seq. (d) Causative variants can be identified by contrasting the allele frequencies between base and selected population and
visualized with Manhattan plots. A full color version of this figure is available at the Heredity journal online.

Combining experimental evolution with next-generation sequencing
C Schlötterer et al
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Schlötterer et al (2015)
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Requires a large number of simulations 

Requires the choice of informative summary statistics 

Requires to define a tolerance level for acceptance 

Traditional ABC Framework

Reference table 10-100x less simulations 

Automatically find the more informative SSs 

Not dependent of tolerance level  

1Pudlo et al (2016), 2Raynal et al (2017)
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ABC-RF1,2 Framework: Joint Inference of Demography and Selection in Temporal Data

1Pudlo et al (2016), 2Raynal et al (2017)
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Locus-specific:: single site

HE, Dj, WCFST

S, π, θW, Tajimas′�D, Da, ZZ, Zns

Locus-specific:: windowed

Global

HE, Dj, WCFST
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Mean, Var, Kurtosis, Skewness,5 % ,95 % quantiles

Summary Statistics



Posterior Estimates and Inference
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Ne

Census Size

Effective Population Size

Characterizing Demography
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Demography: Effective Population Size



Demography: Effective Population Size

ABC-RF WFABC

Implementation of 2-steps ABC (Bazin, Dawson & 
Beaumont 2010)

First step - Infer demography - Ne

Second step - Infer selection coe!cients
Foll et al. 2014, 2015

Calculation of a summary statistics Fs’ (Jordan & Rayman 
2007) 
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Characterizing Selection

LAverage Genetic Load

Proportion of Strongly Selected Mutations

L =
wmax − w

wmax

1Haldane (1957)

Substitution Load, "the cost 
of natural selection”1

Pstrong =
Mutations[Ns > 1]

Mutations

Classification: quasi-Neutral and strong Selection



Classification: “Neutral" vs “Selection"

Proportion of Strongly Selected Mutations

Pstrong > 0Pstrong = 0
strong Selectionquasi-Neutral



Classification: “Neutral" vs “Selection"

qNeutral sSelection error

qNeutral 709 164 0,188

sSelection 201 803 0,200



Classification: “Neutral" vs “Selection"

“Neutral”  and “Selection” dynamics

It is a continuum determined by:

θs = 4Neμb

μb = PRPSμ

Neutral Selection

wi = 1 + si



Selection Dynamics

θs = 4Neμb

“Mutation Limited” “Mutation Unlimited” 

Rate at which beneficial mutations enter the simulation

“Controls how long the population must wait to produce a beneficial mutation” 

Adaptation Adaptation

θs < 1 θs > 1



A single adaptive allele rises to high 
frequency hitchhiking genetic neighbors 
that also fix in the population. 

ES44CH10-Neher ARI 21 October 2013 14:16
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b  Selective sweepa  Selective interference
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Chromosome (genetic map)
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logNs generations
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s2

≈ s/ρ

≈ s–1s

Figure 4
Interference in obligately sexual populations. (a) The interference effects of selective sweeps through time (vertical axis) and along the
genome (horizontal axis). A sweeping mutation with fitness effect s interferes with other mutations in a region of width s/ρ over a time
s−1, where ρ is the crossover rate per base. The extent of interference is indicated by blue bulges, each of which corresponds to a
mutation that fixed. Interference starts to be important when the bulges overlap. Because the area of the bulges, roughly height ×
width, is approximately independent of s, interference depends on ρ and the rate of sweeps rather than the effect size. The rate of
adaptation is therefore primarily a function of the map length, R. (b) A selective sweep of a beneficial mutation ( yellow circle) reduces
neutral genetic variation (red circles) in a region of width s /

!
ρ log Ns

"
. The effect of sweeps on neutral diversity is explored at

http://webdav.tuebingen.mpg.de/interference.

5.1. Genetic Draft in Obligately Sexual Populations
Selective sweeps have strong effects on linked neutral diversity and genealogies (Barton 1998,
Barton & Etheridge 2004, Kaplan et al. 1989, Maynard Smith & Haigh 1974, Stephan et al.
1992, Wiehe & Stephan 1993). A sweeping mutation takes approximately tsw ≈ s −1 log Ns gen-
erations to rise to high frequency. Linked neutral variation is preserved only if substantial re-
combination happens during this time. Given a crossover rate of ρ per base, recombination will
separate the sweep from a locus at distance l with probability r = ρl per generation (assuming
r ≪ 1). Hence, a sweep leaves a dip of width l = (ρtsw)−1 ≈ s /(ρ log Ns ) in the neutral diversity
(Figure 4b). Within this region, selection causes massive and rapid coalescence, and only a frac-
tion of the lineages continue into the ancestral population (Figure 5a). Durrett & Schweinsberg
(2005) have further investigated this phenomenon and showed that the effect of recurrent selective
sweeps is well approximated by a coalescent process that allows for multiple mergers (Berestycki
2009, Pitman 1999): Each sweep forces the almost simultaneous coalescence of many lineages
(a fraction e−rtsw ). Gillespie (2000) had made similar arguments previously, calling the stochastic
force responsible for coalescence genetic draft. Coop & Ralph (2012) extended the analysis of
Durret & Schweinsberg to partial sweeps that could be common in structured populations, at loci
with overdominance, or in scenarios with frequency-dependent selection.
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The ratio of selection strength and 
recombination rate governs the distance 
on the chromosome from the adaptive 
site with depressed diversity following a 
sweep. 

Classic hard sweep

Neher 2013

mutations is long. By contrast, soft sweeps are expected
when the waiting time until an adaptive mutation arises is
shorter than the time it takes for this mutation to spread
through the population. This is the case: (i) in large popu-
lations; (ii) when adaptation has a large mutational target
(for example, when every loss-of-function mutation in a
gene is adaptive) [11]; or (iii) when adaptation utilizes
alleles present as standing genetic variation, either in
mutation–selection–drift balance or maintained by balanc-
ing selection [12,13]. Soft sweeps are also possible as a
result of parallel adaptation in geographically structured
populations when several mutations emerge independent-
ly in distant locations before one has spread over the entire
range [14–17]. In this case, ‘local’ samples from a subpop-
ulation might always yield hard sweeps, whereas ‘global’
samples across subpopulations can yield soft sweeps.

In a hard selective sweep, all lineages collapse into
a single cluster, generating characteristic signatures in
population genomic data, such as a reduction in genetic
diversity around the adaptive site [7,8,18], an excess of
high-frequency derived alleles and singletons [19–22], and
the presence of a single, long haplotype [23]. These hall-
mark signatures underlie most commonly used approaches
for identifying sweeps [18,19,24–31]. By contrast, in a soft
sweep, lineages collapse into more than one cluster and
several haplotypes can be frequent in the population at the
adaptive locus. Thus, diversity is not necessarily reduced
and deviations in the frequency distributions of neighbor-
ing neutral polymorphisms are typically weak compared
with hard sweeps [13,32–34]. As a result, it is difficult to
identify soft sweeps from polymorphism summary statis-
tics, such as Tajima’s D [25], Fay and Wu’s H [19], and the
composite likelihood ratio (CLR) test [35].

Scans for positive selection in population genomic data
have typically focused on identifying hard sweeps and have
only limited power for soft sweeps [13,32,33]. Hence, if soft
sweeps are pervasive, then most of them should have
evaded detection and we might be missing an entire class
of important adaptive events.

Signatures and examples of soft sweeps
There is mounting evidence, both from individual case
studies and genome-wide scans, that soft sweeps are in-
deed common in a broad range of organisms, from viruses
to insects and even mammals. Below, we briefly review this
evidence and discuss the diversity of approaches used to
identify soft sweeps in molecular population genetic data.

Soft sweeps are abundant in case studies of adaptation
In some cases, it is possible to detect soft sweeps directly
through the presence of adaptive mutations of independent
origin. Figure 2A shows an example from the evolution of
resistance to HIV treatment that involves a single amino
acid change of the viral reverse transcriptase [36]. Pen-
nings et al. [37] analyzed viral samples obtained from the
same patient before and after resistance had evolved.
Before treatment, all viral samples were monomorphic
for the lysine codon AAA at the resistance locus. After
resistance had evolved, two different synonymous codons
(AAT and AAC), both encoding asparagine, were frequent
in the sample. This is a clear example of a soft sweep that
could have originated either because both alleles were
already present at the onset of treatment or from indepen-
dent de novo mutations afterwards.

In a geographically structured population, sweeps that
are hard in local samples can become soft in global samples
that comprise individuals from geographically distant loca-
tions. This signature can then be used to infer cases of
parallel adaptation [15,17]. The classic example for this
scenario is lactase persistence in humans that evolved in
parallel in Eurasia and Africa through independent muta-
tions in the gene encoding lactase [6,38,39]. Figure 2B
shows the length of homozygosity tracts flanking lactase
persistence-associated single nucleotide polymorphisms
(SNPs) in Eurasia and Africa from [38]. Within each region,
lactase-persistent individuals show extensive haplotype
homozygosity, sometimes extending over more than
2 Mb, whereas haplotype homozygosity in nonpersistent
haplotypes is not elevated, suggesting hard sweeps in both
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Figure 1. Definition of hard and soft sweeps. (A) In a hard sweep, all adaptive alleles in the sample arise from a single mutation (depicted by x) and coalesce after the onset
of positive selection (broken line). Note that, even if the mutation had arisen before the onset of positive selection and was present as standing genetic variation, this would
still be considered a hard sweep as long as only a single lineage is ultimately present in the sample. (B) In a soft sweep from recurrent de novo mutations, the adaptive
alleles in the sample arose from at least two independent mutation events after the onset of positive selection and the lineages coalescence before the onset of positive
selection. (C) In a soft sweep from the standing genetic variation, adaptive alleles were already present at the onset of positive selection. The different lineages in a
population sample can originate from independent mutation events (i) or from a single mutation that reached some frequency before the onset of positive selection, such
that several copies present at that time then swept through the population (ii). In this latter case, the population genetic signatures of the sweep will depend on the time t

between coalescence and onset of positive selection. If t is short, the sweep will appear similar to a hard sweep, whereas when t is large, it will be similar to a soft sweep
from several de novo mutations.
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Selection: Genetic Load

Random PODs
SMALL L but BIG Pstrong

Simulation with lots of small effect mutations

BIG L but SMALL Pstrong

Simulation with lots of big effect mutations 
It behaves as a Neutral/near-Neutral scenario



Selection: Proportion of Strongly Selected Mutations



Application

= 50) and large small (Ne = 500) Ne, respectively (S3 File). The SNPs under selection were dis-
tributed across the genome and no selection ‘hot–spots’ was apparent (Fig 4). A small number
of SNPs under selection were shared among populations, some in the same direction (‘posi-
tive–positive’ and ‘negative–negative’) (Table 2a), and others in opposite direction (‘positive–
negative’ and ‘negative–positive’) (Table 2b).

Selection—‘single’ vs. ‘multiple time points’
Combining the results from the ‘single time point’ and ‘multiple time points’ approaches
shows that BAYESCAN andWFABC only inferred two and 64 of the same SNPs to be under

Fig 1. Selection approaches and sampling locations 1999, 2004, 2009 and 2013.Dots indicate locations sampled within the year as indicated on the
corresponding map. Single examples of each approach are illustrated by pink dots for (A) ‘Single time point’ analyses represented by all populations sampled
in a given year, with a single example represented by the dashed line, and (B) ‘Multiple time points’ approach where one population is sampled at multiple
time points represented by arrows. Presence or absence of DFTD at the time of sampling is indicated by black and grey dots, respectively. The area affected
by DFTD is indicated with shaded area.

doi:10.1371/journal.pone.0147875.g001

Detecting Selection on Temporal and Spatial Scales

PLOS ONE | DOI:10.1371/journal.pone.0147875 March 1, 2016 4 / 15

Temporal population genomics data of the Tasmanian Devil 
(Sarcophilus harrisii)

Samples before and after the emergence and 
spread of Devil Facial Tumor Disease (DFTD) 

Low-coverage RADseq data 

Adaptation is mutation limited 

Soft sweep from Standing Variation (SV)

http://www.utas.edu.au/news/
2016/2/18/41-securing-the-
future-of-our-tasmanian-devil/



CONCLUSION

ABC-RF is able to jointly characterize DEMOGRAPHY and SELECTION.



1) Characterize selection without additional information: 
- mutation within genes; 
- synonymous / non-synonymous information;  
- without the position in the genome (scaffold or RADtag position) 
- Can be applied in non-model organisms

HIGHLIGHTS

2) See the impact of selection on estimates of effective population size

3) Allow separating estimates of effective population and census size



For the moment, the model is very simple: 
• de novo mutations - hard sweep; 

PERSPECTIVES 1



For the moment, the model is very simple: 
• de novo mutations - hard sweep; 

PERSPECTIVES 1

Things to think about … 
• What is going to happen if we include background selection? 
• How about selection on standing variation?



PERSPECTIVES 2

“Dichotomy” between speed and accuracy

Small Genome: 100 Mb took 3 weeks to produce the reference table with 50,000 
simulations for a scenario with de novo mutations



PERSPECTIVES 3

For the moment, the model is very simple: 
• define two genomic regions: neutral and under selection is too simplistic; 



PERSPECTIVES 3

For the moment, the model is very simple: 
• define two genomic regions: neutral and under selection is too simplistic; 

Things to think about … 
• How about more complex genomic backgrounds?



PERSPECTIVES 4

The power of temporal data: 
Allows us to use the information of the allele frequency changes to characterize 
selection.  

This framework could be used in different settings? Local adaptation



- Alexander Dehne-Garcia - UMR CBGP, INRA 

- CBGP cluster 

- Genotoul 

- Génomique Statistique et Évolutive des Populations
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Priors A PREPRINT - FEBRUARY 6, 2019

Table 1: Simulation parameters and their prior distribution

Parameter Prior probability distribution

Mutation rate, µ µ ⇠ log10(Uniform)

Recombination rate, r r ⇠ log10(Uniform)

Population size for the equilibrium phase, Neq Neq ⇠ log10(Uniform)

Population size for the interval, Ncs Ncs ⇠ log10(Uniform)

Mean for the DFE ⇠ �(mean = ✓, shape = ✓) ✓ ⇠ log10(Uniform)

Proportion of the genome under selection:

1) Proportion of regions under selection, PR PR ⇠ Uniform

2) Probability of beneficial mutation , PS PS ⇠ log10(Uniform)

Table 2: Simulation parameters for the PODs

Parameter Neutral Mutation Mutation

limited non-limited

µ 1e� 8 1e� 8 1e� 8

r 5.0e� 8 5.0e� 8 5.0e� 8

Neq 500 500 500

Ncs 500 500 500

DFE mean = ✓ NA 0.1 0.1

PrGWSel NA 0.25 0.25

PrMSel 0 0.001 0.20

List of the summary statistic used to produced the reference table for the evaluation of ABC-RF (SNP and

windowed-based summary statistics):

1. Locus-specific summary statistics - SNP-based:

(a) Expected heterozygosity - HE ;

(b) Jost’s D (Jost, 2008, 2009) - Dj;

(c) Weir and Cockerham’s FST (Weir and Cockerham, 1984) - WCST ;

2. Locus-specific summary statistics - window-based:

(a) Number of polymorphic sites S;

(b) Nucleotide diversity ⇡ (Nei and Li, 1979);

(c) Watterson’s 4Nu estimator (Watterson, 1975) - thetaW ;

(d) Tajima’s D (Tajima, 1989) - TjD;

(e) Net distance between populations Da;

(f) Rozas et al.’s ZZ (Rozas et al., 2001);

(g) Average of R2 over all pairwise comparisons ZnS (Kelly, 1997);

11



1) “RANDOM” pseudo-observed data (PODs) from prior

2) “FIXED” PODs

Evaluating ABC-RF Performance

A PREPRINT - DECEMBER 30, 2018

Figure 1: The schematic representation of: A) the population model and, B) the genome model.

Table 1: Simulation parameters and their prior distribution

Parameter Prior probability distribution

Mutation rate, µ µ ⇠ log10(Uniform)

Recombination rate, r ⇢ ⇠ log10(Uniform)

Population size for the equilibrium phase, Neq Neq ⇠ log10(Uniform)

Population size for the interval, N N ⇠ log10(Uniform)

Mean for the DFE ⇠ �(mean = ✓, shape = ✓) ✓ ⇠ log10(Uniform)

Proportion of the genome under selection:

1) Proportion of non-neutral mutations in selected regions, PrMSel PrMSel ⇠ Uniform

2) Proportion of selected regions, PrGWSel PrWGSel ⇠ Uniform

Table 2: Simulation parameters for the PODs

Parameter Neutral Intermediate Selection High Selection

µ 1e� 7 1e� 7 1e� 7

⇢ 5.0e� 7 5.0e� 7 5.0e� 7

Neq 500 500 500

N 500 500 500

DFE mean = ✓ NA 0.1 0.1

PrGWSel NA 0.1 0.25

PrMSel 0 0.1 0.1

8



ABC Random Forests

Random Decision Forests

Ensemble methods to build predictive models for both CLASSIFICATION and REGRESSION

RANDOM FORESTS creates an entire “FOREST" of uncorrelated decision trees
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Beneficial mutation arise on different genetic backgrounds 
before any single background can sweep, the backgrounds 
carrying the beneficial mutation will spread concurrently.

Soft sweep

A novel approach for detecting positive selection
These theoretical and empirical findings about the com-
plexity of selection signatures have prompted the devel-
opment of methods that are sensitive to both hard and
soft sweeps and capable of distinguishing between the
two. Two such statistics, termed H12 and H2/H1, were
recently developed for this purpose and revealed a strik-
ing predominance of soft selective sweeps in data from
Drosophila melanogaster [7]. The relevance to human
populations has, however, remained an open question.
To address this question, Schrider and Kern [1] used a

sophisticated machine learning method that they previ-
ously developed for the robust detection of selective
sweeps. Their approach, termed soft/hard inference
through classification (S/HIC) [8], uses supervised ma-
chine learning to leverage multiple sweep signatures in-
cluding reduced haplotype diversity, skews in the allele
frequency spectrum, and increased linkage disequilib-
rium in regions flanking the selected site. Although any
particular signal may be subtle or absent at any individ-
ual locus under selection (especially for soft sweeps), the
combination of signals together provides sufficient infor-
mation for S/HIC to confidently annotate each genomic
window as hard, hard-linked, soft, soft-linked, or neu-
trally evolving. The method had already been shown to
be relatively robust to assumptions about demographic
history [8]. This is particularly important in human pop-
ulations, which are thought to have experienced extreme

bottlenecks, complex patterns of movement and replace-
ment, and extensive gene flow, with substantial uncer-
tainty in each of these parameters.
The authors applied their method to population genomic

data from six populations that have relatively low levels of
historical admixture: two West African, one East African,
one European, one East Asian, and one American. Across
all populations, they identified a total of 1927 distinct se-
lective sweeps, including 519 (26.9%) loci identified in pre-
vious scans, as well as 1408 novel hits. Notably, most
sweeps were either population-specific or shared among a
subset of a few populations, potentially reflecting the im-
portance of local adaptation. Because signals diminish over
time, however, this result may simply derive from the
greater power to detect recent sweeps that occurred after
the divergence of the populations in question.

Predominance of soft selective sweeps in recent
human evolution
The central observation of Schrider and Kern was a dra-
matic excess of soft selective sweeps, which comprised
92.2% of all sweep signatures. Though rare overall, hard
sweeps were relatively more common in non-African than
in African populations, consistent with greater Ne in
Africa as a result of the population bottleneck during the
out-of-Africa migration. The widespread impacts of soft
sweeps provide a strong argument against a model of mu-
tation limitation, instead suggesting that the raw material

Hard sweep

Before selection

Soft sweep

Before selection

After selection After selection

Adaptive mutation

Neutral / slightly deleterious mutation

Fig 1 Schematic describing the impacts of hard and soft selective sweeps on patterns of linked genetic variation. Each row depicts an individual haploid
genome. Adaptive mutations are colored in green, while neutral or slightly deleterious mutations are colored in black. Alleles that match the reference
genome are not depicted. A hard selective sweep (left panel) involves a single adaptive mutation that arises de novo and subsequently increases in
frequency, carrying with it neutral and slightly deleterious variants to which it is linked. By contrast, a soft selective sweep involves selection on either
standing variation or recurrent de novo mutations, such that adaptive alleles are present on multiple distinct haplotypes. These adaptive mutations may or
may not occur in the same genomic position. All haplotypes carrying an adaptive allele simultaneously sweep to higher frequency, leading to only modest
reductions in levels of nearby genetic diversity

McCoy and Akey Genome Biology  (2017) 18:139 Page 2 of 4

McCoy & Akey 2017

More genetic diversity will be retained following the fixation of 
the beneficial mutation, because diverse genetic background 
linked with each beneficial mutations arose in frequency.



mutations is long. By contrast, soft sweeps are expected
when the waiting time until an adaptive mutation arises is
shorter than the time it takes for this mutation to spread
through the population. This is the case: (i) in large popu-
lations; (ii) when adaptation has a large mutational target
(for example, when every loss-of-function mutation in a
gene is adaptive) [11]; or (iii) when adaptation utilizes
alleles present as standing genetic variation, either in
mutation–selection–drift balance or maintained by balanc-
ing selection [12,13]. Soft sweeps are also possible as a
result of parallel adaptation in geographically structured
populations when several mutations emerge independent-
ly in distant locations before one has spread over the entire
range [14–17]. In this case, ‘local’ samples from a subpop-
ulation might always yield hard sweeps, whereas ‘global’
samples across subpopulations can yield soft sweeps.

In a hard selective sweep, all lineages collapse into
a single cluster, generating characteristic signatures in
population genomic data, such as a reduction in genetic
diversity around the adaptive site [7,8,18], an excess of
high-frequency derived alleles and singletons [19–22], and
the presence of a single, long haplotype [23]. These hall-
mark signatures underlie most commonly used approaches
for identifying sweeps [18,19,24–31]. By contrast, in a soft
sweep, lineages collapse into more than one cluster and
several haplotypes can be frequent in the population at the
adaptive locus. Thus, diversity is not necessarily reduced
and deviations in the frequency distributions of neighbor-
ing neutral polymorphisms are typically weak compared
with hard sweeps [13,32–34]. As a result, it is difficult to
identify soft sweeps from polymorphism summary statis-
tics, such as Tajima’s D [25], Fay and Wu’s H [19], and the
composite likelihood ratio (CLR) test [35].

Scans for positive selection in population genomic data
have typically focused on identifying hard sweeps and have
only limited power for soft sweeps [13,32,33]. Hence, if soft
sweeps are pervasive, then most of them should have
evaded detection and we might be missing an entire class
of important adaptive events.

Signatures and examples of soft sweeps
There is mounting evidence, both from individual case
studies and genome-wide scans, that soft sweeps are in-
deed common in a broad range of organisms, from viruses
to insects and even mammals. Below, we briefly review this
evidence and discuss the diversity of approaches used to
identify soft sweeps in molecular population genetic data.

Soft sweeps are abundant in case studies of adaptation
In some cases, it is possible to detect soft sweeps directly
through the presence of adaptive mutations of independent
origin. Figure 2A shows an example from the evolution of
resistance to HIV treatment that involves a single amino
acid change of the viral reverse transcriptase [36]. Pen-
nings et al. [37] analyzed viral samples obtained from the
same patient before and after resistance had evolved.
Before treatment, all viral samples were monomorphic
for the lysine codon AAA at the resistance locus. After
resistance had evolved, two different synonymous codons
(AAT and AAC), both encoding asparagine, were frequent
in the sample. This is a clear example of a soft sweep that
could have originated either because both alleles were
already present at the onset of treatment or from indepen-
dent de novo mutations afterwards.

In a geographically structured population, sweeps that
are hard in local samples can become soft in global samples
that comprise individuals from geographically distant loca-
tions. This signature can then be used to infer cases of
parallel adaptation [15,17]. The classic example for this
scenario is lactase persistence in humans that evolved in
parallel in Eurasia and Africa through independent muta-
tions in the gene encoding lactase [6,38,39]. Figure 2B
shows the length of homozygosity tracts flanking lactase
persistence-associated single nucleotide polymorphisms
(SNPs) in Eurasia and Africa from [38]. Within each region,
lactase-persistent individuals show extensive haplotype
homozygosity, sometimes extending over more than
2 Mb, whereas haplotype homozygosity in nonpersistent
haplotypes is not elevated, suggesting hard sweeps in both
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Figure 1. Definition of hard and soft sweeps. (A) In a hard sweep, all adaptive alleles in the sample arise from a single mutation (depicted by x) and coalesce after the onset
of positive selection (broken line). Note that, even if the mutation had arisen before the onset of positive selection and was present as standing genetic variation, this would
still be considered a hard sweep as long as only a single lineage is ultimately present in the sample. (B) In a soft sweep from recurrent de novo mutations, the adaptive
alleles in the sample arose from at least two independent mutation events after the onset of positive selection and the lineages coalescence before the onset of positive
selection. (C) In a soft sweep from the standing genetic variation, adaptive alleles were already present at the onset of positive selection. The different lineages in a
population sample can originate from independent mutation events (i) or from a single mutation that reached some frequency before the onset of positive selection, such
that several copies present at that time then swept through the population (ii). In this latter case, the population genetic signatures of the sweep will depend on the time t

between coalescence and onset of positive selection. If t is short, the sweep will appear similar to a hard sweep, whereas when t is large, it will be similar to a soft sweep
from several de novo mutations.
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Fig. 1. Hard and soft sweep types. Colored regions mark the frequency of those copies of the beneficial allele that still have descendants at the time
of sampling. Black and dashed lines show coalescent histories at linked sites. On the right, mutations and recombination events are also shown on
haplotypes of the five sampled individuals. (a) For a hard sweep, the time to the most recent common ancestor at the selected site TMRCA is shorter
than the time since the onset of selection TS. All ancestral variation at tightly linked sites is eliminated. Recombination leads to low-frequency and
high-frequency derived variants in flanking regions. (b) For a single-origin soft sweep fromSGV,multiple lines of descent of the beneficial allele reach
into the ‘standing phase’ before TS. Early recombination introduces ancestral haplotypes at intermediate frequencies. (c) The beneficial allele traces
back tomultiple origins. Each origin introduces an ancestral haplotype, typically at intermediate frequency.
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Fig. 1. Hard and soft sweep types. Colored regions mark the frequency of those copies of the beneficial allele that still have descendants at the time
of sampling. Black and dashed lines show coalescent histories at linked sites. On the right, mutations and recombination events are also shown on
haplotypes of the five sampled individuals. (a) For a hard sweep, the time to the most recent common ancestor at the selected site TMRCA is shorter
than the time since the onset of selection TS. All ancestral variation at tightly linked sites is eliminated. Recombination leads to low-frequency and
high-frequency derived variants in flanking regions. (b) For a single-origin soft sweep fromSGV,multiple lines of descent of the beneficial allele reach
into the ‘standing phase’ before TS. Early recombination introduces ancestral haplotypes at intermediate frequencies. (c) The beneficial allele traces
back tomultiple origins. Each origin introduces an ancestral haplotype, typically at intermediate frequency.
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