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Abstract

Haplotype-based scans to identify recent and ongoing positive selection have become
commonplace in evolutionary genomics studies of numerous species across the tree of life.
However, the most widely adopted approaches require phased haplotypes to compute the key
statistics. Here we release a major update to the selscan software that re-defines popular
haplotype-based statistics for use with unphased “multi-locus genotype” data. We provide
unphased implementations of iHS, nSL, XP-EHH, and XP-nSL and evaluate their performance
across a range of important parameters in a generic demographic history. We also show that
these implementations often outperform a naive application of the original statistics to unphased
data, and that they perform with minimal to no reduction in power compared to the original
statistics when phase is perfectly known. Source code and executables are available at

https://www.github.com/szpiech/selscan.
1 Introduction

Haplotype-based summary statistics—such as iHS (Voight, et al. 2006), nSL (Ferrer-
Admetlla, et al. 2014), XP-EHH (Sabeti, et al. 2007), and XP-nSL (Szpiech, et al. 2021)—have
become commonplace in evolutionary genomics studies to identify recent and ongoing positive
selection in populations (e.g.,Colonna, et al. 2014; Zoledziewska, et al. 2015; Nedelec, et al.
2016; Crawford, et al. 2017; Meier, et al. 2018; Lu, et al. 2019; Zhang, et al. 2020; Salmon, et al.

2021). When an adaptive allele sweeps through a population, it leaves a characteristic pattern
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of long high-frequency haplotypes and low genetic diversity in the vicinity of the allele. These
statistics aim to capture these signals by summarizing the decay of haplotype homozygosity as
a function of distance from a putatively selected region, either within a single population (iHS
and nSL) or between two populations (XP-EHH and XP-nSL).

These haplotype-based statistics are powerful for detecting recent positive selection
(Colonna, et al. 2014; Zoledziewska, et al. 2015; Nedelec, et al. 2016; Crawford, et al. 2017;
Meier, et al. 2018; Lu, et al. 2019; Zhang, et al. 2020; Salmon, et al. 2021), and the two-
population versions can even out-perform pairwise Fst scans on a large swath of the parameter
space (Szpiech, et al. 2021). Furthermore, haplotype-based methods have also been shown to
be robust to background selection (Fagny, et al. 2014; Schrider 2020). However, each of these
statistics presumes that haplotype phase is known or well-estimated.

As the generation of genomic sequencing data for non-model organisms is becoming
routine (Ellegren 2014), there are many great opportunities for studying recent adaptation
across the tree of life (e.g., Campagna and Toews (2022)). However, often these
organisms/populations do not have a well-characterized demographic history or recombination
rate map, two pieces of information which are important inputs for statistical phasing methods
(Delaneau, et al. 2013; Browning, et al. 2021).

Recent work has shown that converting haplotype data into “multi-locus genotype” data
is an effective approach for using haplotype-based selection statistics such as G12, LASSI, and
saltiLASSI (Harris, et al. 2018; Harris and DeGiorgio 2020; DeGiorgio and Szpiech 2022) in
unphased data. Recognizing this, we have reformulated the iHS, nSL, XP-EHH, and XP-nSL
statistics to use multi-locus genotypes and provided an easy-to-use implementation in selscan
2.0 (Szpiech and Hernandez 2014). We evaluate the performance of these unphased statistics
under various generic demographic models and compare against the original statistics applied

to simulated datasets when phase is either known or unknown.
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2 New Approaches

When the --unphased flag is set in selscan v2.0+, biallelic genotype data is collapsed
into multi-locus genotype data by representing the genotype as either 0, 1, or 2—the number of
derived alleles observed. In this case, selscan v2.0+ will then compute iHS, nSL, XP-EHH, and
XP-nSL as described below. We follow the notation conventions of Szpiech and Hernandez
(2014).

2.1 Extended Haplotype Homozygosity

In a sample of n diploid individuals, let C denote the set of all possible genotypes at
locus x,. For multi-locus genotypes, C = {0,1,2}, representing the total counts of a derived
allele. Let C(x;) be the set of all unique haplotypes extending from site x, to site x; either
upstream or downstream of x,. If x, is a site immediately adjacent to x,, then C(x,) =
{00,01,02,10,11,12,20,21,22}, representing all possible two-site multi-locus genotypes. We can

then compute the extended haplotype homozygosity (EHH) of a set of multi-locus genotypes as

(2
n

EHH(x;) )
heC(x;) (2)

where n,, is the number of observed haplotypes of type h.

If we wish to compute the EHH of a subset of observed haplotypes that all contain the
same ‘core’ multi-locus genotype, let H_(x;) be the partition of C(x;) containing genotype c € ¢
at x,. For example, choosing a homozygous derived genotype (c = 2) as the core, H, =
{20,21,22}. Thus, we can compute the EHH of all individuals carrying a given genotype at site x,
extending out to site x; as
()

heH,(x;) (T;C)

EHH,(x;) =



77  where n, is the number of observed haplotypes of type h and n, is the number of observed
78  multi-locus genotypes with core genotype of c. Finally, we can compute the complement EHH of

79  asample of multi-locus genotypes as

(3
C

n.ry’
hEC(xi)\j'[c(xi)( 2 )

80 cEHH,(x;) =

81  where n. is the number of observed multi-locus genotypes with a core genotype of not c.

82 2.2iHS and nSL

83 Unphased iHS and nSL are calculated using the equations above. First, we compute the
84  integrated haplotype homozygosity (iHH) for the homozygous ancestral (c = 0) and derived (¢ =

85  2) core genotypes as

|D| [ul
1 1
86 iHH, = Z > (EHH (x;—1) + EHH.(x;))d(x;—1, %) + Z > (EHH(x;—1) + EHH.(x;))d (x;_1, %),

i=1 i=1

87  where D is the set of downstream sites from the core locus and U is the set of upstream sites.
88  d(x;_1,x;) is a measure of genomic distance between to markers and is the genetic distance in
89  centimorgans or physical distance in basepairs for iHS (Voight, et al. 2006) or the number of
90 sites observed for nSL (Ferrer-Admetlla, et al. 2014). We similarly compute the complement

91 integrated haplotype homozygosity (ciHH) for both homozygous core genotypes as

[D|
1
92 CilHH, = ZE (cEHH,(x;_1) + cEHH.(x))d (xi_1, X;)
i=1
[ul 1
93 4 Z 5 (CEHH (i) + CEHH () (x4, ).

=1
94  The (unstandardized) unphased iHS is then calculated as

iHS,, if iHS, > iHS,
—iHS,, otherwise’

95 iHS = {
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iHH,
CiHHO

) and iHS, = logq (

where iHS, = logqg ( ) Conceptually, this is nearly identical to the

iHH,
CiHH,
phased version of iHS, where the log ratio of the integrated haplotype homozygosity is
computed between all haplotypes carrying the ancestral allele at the core locus versus all
haplotypes carrying the derived allele at the core locus. In this case, however, we compare the
iHH of the haplotypes containing homozygous genotypes of one allele at the core locus to the
iHH of the haplotypes containing all other genotypes at the core locus. Doing this for both
homozygous derived and homozygous ancestral haplotypes separately, we then choose the
most extreme value. We assign a positive sign for long low-diversity haplotypes containing the
derived homozygous genotype at the core locus, and we assign a negative sign for long low-
diversity haplotypes containing the ancestral homozygous genotype at the core locus.
Unstandardized iHS scores are then normalized in frequency bins, as previously described
(Voight, et al. 2006; Ferrer-Admetlla, et al. 2014). Unstandardized unphased nSL is computed
similarly with the appropriate distance measure (see Ferrer-Admetlla, et al. (2014) where they
show that nSL can be reformulated as iHS with a different distance measure). Large positive
scores indicate long high-frequency haplotypes with a homozygous derived core genotype, and
large negative scores indicate long high-frequency haplotypes with a homozygous ancestral
core genotype. Clusters of extreme scores in both directions indicate evidence for a sweep.
2.3 XP-EHH and XP-nSL

Unphased XP-EHH and XP-nSL are calculated by comparing the iHH between

populations A and B, using the entire sample in each population. iHH in a population P is

computed as

|D| [ul
iHHp = Z % (EHH (x;—1) + EHH(x;))d (x;—1, x;) + Z % (EHH(x;—1) + EHH (x;))d (x;_1, x;),

i=1 i=1
where the distance measure is given as centimorgans or basepairs for XP-EHH (Sabeti, et al.

2007) and number of sites observed for XP-nSL (Szpiech, et al. 2021). The XP statistics
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between population A and B are then computed as XP = log;, (% ) and are normalized

B
genome wide. Large positive scores indicate long high-frequency haplotypes in population A,
and large negative scores indicate long high-frequency haplotypes in population B. Clusters of

extreme scores in one direction indicate evidence for a sweep in that population.
3 Results

We find that the unphased versions of iIHS and nSL generally have good power (Figures
1, S1, and S2) to detect selection prior to fixation of the allele, with nSL generally outperforming
iHS. In smaller populations (Figure 1C and 1D), power does suffer relative to larger populations
(Figure 1A, 1B, 1E, 1F). We note that these statistics struggle to identify soft sweeps when the
population is undergoing exponential growth (Figure 1E and 1F). Each of these statistics also
have low false positive rates hovering around 1% (Table S1).

Similarly, we find that the unphased versions of XP-EHH and XP-nSL have good power
as well (Figures 2, 3, and S3-S6). When the sweep takes place in the smaller of the two
populations (Figure 2C and 2D), we see a similar decrease in power, likely related to the lower
efficiency of selection in small populations. When one population is undergoing exponential
growth (Figure 3) performance is generally quite good, likely the result of a larger effective
selection coefficient in large populations. These two-population statistics generally outperform
their single-population counterparts, especially for sweeps that have reached fixation recently.
Each of these statistics also have low false positive rates hovering around 1% (Table S1).

Next, we turn to comparing the performance of these unphased statistics to their phased
counterparts when they are used to analyze either phased data or unphased data. In Figures 4-
6 and S7-S12, we plot the difference in power between the unphased statistics and the phased
counterpart applied to data with phase known (red lines) or phase scrambled (blue lines).
Where these lines are greater than or equal to 0 indicates that the unphased statistic performed

as well as or better than the phased counterpart.
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We find that iHS tends to underperform the traditional phased implementations, but nSL
tends to perform as well as the phased versions (Figures 4, S7, and S8). Although we note
noticeable drops in unphased nSL power for softer sweeps in exponential growth scenarios
(Figures 4F, S7F, and S8F) and for sweeps near completion in small population sizes (Figures
4E, STE, and S8E).

When comparing the unphased versions of XP-EHH and XP-nSL, we find that they
consistently perform as well or better than their phased counterparts (Figures 5, 6, S11, and
S12), except in limited circumstances where phase is known and the sweep is fairly young

(sweeping allele at 0.7 frequency) or the divergence time is further in the past.

4 Discussion

We introduce multi-locus genotype versions of four popular haplotype-based selection
statistics—iHS (Voight, et al. 2006), nSL (Ferrer-Admetlla, et al. 2014), XP-EHH (Sabeti, et al.
2007), and XP-nSL (Szpiech, et al. 2021)—that can be used when the phase of genotypes is
unknown. Although phase would seem to be a critically important component of any haplotype-
based method for detecting selection, here we show that, by collapsing haplotypes into derived
allele counts (thus erasing phase information), we can achieve similar power to using this
information. This follows other work that has shown similar patterns with other haplotype-based
statistics for detecting selection (Harris, et al. 2018; Harris and DeGiorgio 2020; DeGiorgio and
Szpiech 2022). Importantly, this approach now opens up the application of several popular
haplotype-based selection statistics (based on extended haplotype homozygosity) to more
species where phase information is challenging to know or infer.

For ease of use of these new unphased versions of iHS, nSL, XP-EHH, and XP-nSL, we
implement these updates in the latest v2.0 update of the program selscan (Szpiech and
Hernandez 2014), with source code and pre-compiled binaries available at

https://www.github.com/szpiech/selscan.
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5 Methods

5.1 Simulations

We evaluate the performance of the phased and unphased versions of iHS, nSL, XP-
EHH, and XP-nSL under a generic two-population divergence model using the coalescent
simulation program discoal (Kern and Schrider 2016). We explore five versions of this generic
model and name them Demo 1 through Demo 5 (Table 1). Let N, and N; be the effective
population sizes of Population 0 and Population 1 after the split from their ancestral population
(of size N,). For Demo 1, we keep a constant population size post-split and let Ny = N; =
10,000. For Demo 2, we keep a constant population size post-split and let N, = 2N; = 10,000.
For Demo 3, we keep a constant population size post-split and let 2N, = N; = 10,000. For
Demo 4, we initially set N, = N; = 10,000 and let N, grow stepwise exponentially every 50
generations starting at 2,000 generations ago until N, = 5N; = 50,000. For Demo 5, we initially
set N, = N; = 10,000 and let N; grow stepwise exponentially every 50 generations starting at
2,000 generations ago until 5N, = N; = 50,000.

For each demographic history we vary the population divergence time t; €
{2000, 4000, 8000} generations ago. For non-neutral simulations, we simulate a sweep in
Population 0 in the middle of the simulated region across a range of selection coefficients s €
{0.005, 0.01, 0.02}. We vary the frequency at which the adaptive allele starts sweeping as e €
{0, 0.01, 0.02, 0.05, 0.10}, where e = 0 indicates a hard sweep and e > 0 indicates a soft sweep,
and we also vary the frequency of the selected allele at time of sampling f € {0.7, 0.8, 0.9, 1.0}
as well as g € {50, 100} representing fixation of the sweeping allele g generations ago. For all
simulations we set the genome length to be L. = 500,000 basepairs, the ancestral effective
population size to be N, = 10,000, the per site per generation mutation rate at u = 2.35 x 1078,
and the per site per generation recombination rate at r = 1.2 x 1078, For neutral simulations, we

simulate 1,000 replicates for each parameter set, and for non-neutral simulations we simulate
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100 replicates for each parameter set. We sample 200 haplotypes, randomly paired together to
form 100 diploid individuals, from each population for analysis. These data sets represent the
case where phase is known perfectly. We also create a set of “unphased” data sets from these
phased data sets by swapping the alleles of each heterozygote to the opposing haplotype with
probability 0.5.

As iHS and nSL are single population statistics, we only analyze Demo 1, Demo 3, and
Demo 4 with these statistics, as Demo 2 and Demo 5 have a constant size history identical to
Demo 1 for Population 0, where the sweeps are simulated. For XP-EHH and XP-nSL we
analyze all five demographic histories.

For all simulations, we compute the relevant statistics (--ihs, --nsl, --xpehh, or --xpnsl)
with selscan v2.0 using the --trunc-ok flag. We set --unphased when computing the unphased
versions of these statistics, and we do not set it when computing the original phased versions.
For iHS and XP-EHH, we also use the --pmap flag to use physical distance instead of a
recombination map.

5.2 Power and False Positive Rate

Here we evaluate the power and false positive rate for the unphased version of iHS,
nSL, XP-EHH, and XP-nSL. For comparison, we also compute the power for the original phased
versions of these statistics in two different ways. We compute the phased statistics for a set of
simulated datasets where perfect phase is known, and we compute them again for a set of
simulated datasets where we destroy phase information (see section 5.1). As the unphased
statistics collapse genotypes into derived allele counts, there is no functional difference between
these two datasets for these statistics. We compute power in the same way for each statistic
regardless of underlying dataset analyzed as described below.

To compute power for iHS and nSL, we follow the approach of Voight, et al. (2006). For
these statistics, each non-neutral replicate is individually normalized jointly with all neutral

replicates with matching demographic history in 1% allele frequency bins. Because extreme
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values of the statistic are likely to be clustered along the genome (Voight, et al. 2006), we then
compute the proportion of extreme scores (|iHS| > 2 or |[nSL| > 2) within 100kbp non-
overlapping windows. We then bin these windows into 10 quantile bins based on the number of
scores observed in each window and call the top 1% of these windows as putatively under
selection. We calculate the proportion of non-neutral replicates that fall in this top 1% as the
power. To compute the false positive rate, we compute the proportion of neutral simulations that
fall within the top 1%.

To compute power for XP-EHH and XP-nSL, we follow the approach of (Szpiech, et al.
2021). For these statistics, each non-neutral replicate is individually normalized jointly with all
matching neutral replicates. Because extreme values of the statistic are likely to be clustered
along the genome (Szpiech, et al. 2021), we then compute the proportion of extreme scores
(XP-EHH > 2 or XP-nSL > 2) within 100kbp non-overlapping windows. We then bin these
windows into 10 quantile bins based on the number of scores observed in each window and call
the top 1% of these windows as putatively under selection. We calculate the proportion of non-
neutral replicates that fall in this top 1% as the power. To compute the false positive rate, we

compute the proportion of neutral simulations that fall within the top 1%.
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Figure 1. Power curves for unphased implementations of iHS (A, C, and E) and nSL (B, D, and
F) under demographic histories Demo 1 (A and B), Demo 3 (C and D), and Demo 4 (E and F). s
is the selection coefficient, f is the frequency of the adaptive allele at time of sampling, g is the

number of generations at time of sampling since fixation, e is the frequency at which selection

began, and t; = 2000 is the time in generations since the two populations diverged.
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Figure 2. Power curves for unphased implementations of XP-EHH (A, C, and E) and XP-nSL
(B, D, and F) under demographic histories Demo 1 (A and B), Demo 2 (C and D), and Demo 3
(E and F). s is the selection coefficient, f is the frequency of the adaptive allele at time of
sampling, g is the number of generations at time of sampling since fixation, e is the frequency at

which selection began, and t; = 2000 is the time in generations since the two populations

diverged.
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Figure 3. Power curves for unphased implementations of XP-EHH (A and C) and XP-nSL (B

and D) under demographic histories Demo 4 (A and B), and Demo 5 (C and D). s is the



260  selection coefficient, f is the frequency of the adaptive allele at time of sampling, g is the
261  number of generations at time of sampling since fixation, e is the frequency at which selection

262  began, and t; = 2000 is the time in generations since the two populations diverged.
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Figure 4. Power difference between unphased implementations of iHS (A, C, and E) and nSL
(B, D, and F) and phased implementations. Blue curves represent the power difference between
the unphased and phased statistics when applied to unphased data (UN). Red curves represent
the power difference between the unphased and phased statistics when applied to perfectly
phased data (PH). Values greater than 0 indicate the unphased statistic had higher power.
Applied to demographic histories Demo 1 (A and B), Demo 3 (C and D), and Demo 4 (E and F).
s is the selection coefficient, f is the frequency of the adaptive allele at time of sampling, g is
the number of generations at time of sampling since fixation, e is the frequency at which

selection began, and t; = 2000 is the time in generations since the two populations diverged.
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Figure 5. Power difference between unphased implementations of XP-EHH (A, C, and E) and
XP-nSL (B, D, and F) and phased implementations. Blue curves represent the power difference
between the unphased and phased statistics when applied to unphased data (UN). Red curves
represent the power difference between the unphased and phased statistics when applied to
perfectly phased data (PH). Values greater than 0 indicate the unphased statistic had higher
power. Applied to demographic histories Demo 1 (A and B), Demo 2 (C and D), and Demo 3 (E
and F). s is the selection coefficient, f is the frequency of the adaptive allele at time of sampling,
g is the number of generations at time of sampling since fixation, e is the frequency at which

selection began, and t; = 2000 is the time in generations since the two populations diverged.
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Figure 6. Power difference between unphased implementations of XP-EHH (A and C) and XP-
nSL (B and D) and phased implementations. Blue curves represent the power difference
between the unphased and phased statistics when applied to unphased data (UN). Red curves
represent the power difference between the unphased and phased statistics when applied to
perfectly phased data (PH). Values greater than 0 indicate the unphased statistic had higher
power. Applied todemographic histories Demo 4 (A and B), and Demo 5 (C and D). s is the
selection coefficient, f is the frequency of the adaptive allele at time of sampling, g is the
number of generations at time of sampling since fixation, e is the frequency at which selection

began, and t; = 2000 is the time in generations since the two populations diverged.



0.05 e=0.10

0.02

0.02 == e
0.01

0.01 == e=

e de NoVo === ¢

S=

0.005 = = s

— G

Demo 1; nSL; ty = 4000

B

Demo 1; iHS; ty = 4000

o0L=6

05=6

paxi4

60=14

8'0=1}

0=}

ooL="6

05=06

paxi4

60=}

8'0=1}

0=}

Demo 3; nSL; ty = 4000

D

Demo 3; iHS; ty = 4000

...\.....W\\\“
p Tl =
w74
v &
. N
-1 B
[ [ [ [ [ [
o ®© © % o 9
-~ o o o o o
19MOod
ofil
[
]

00L=6

05=6

paxid

60=14

8'0=14

0=}

o0L=6

05=06

paxid

60=14

8'0=1}

0=}

Demo 4; nSL; ty = 4000

F

Demo 4; iHS; ty = 4000

0.0

00L=6

05=6

paxi4

60=}4

8'0=1}

0=}

o0L=6

05=06

paxi4

6'0=14

8'0=14

0=}

293



294

295

296

297

298

Figure S1. Power curves for unphased implementations of iHS (A, C, and E) and nSL (B, D,
and F) under demographic histories Demo 1 (A and B), Demo 3 (C and D), and Demo 4 (E and
F). s is the selection coefficient, f is the frequency of the adaptive allele at time of sampling, g is
the number of generations at time of sampling since fixation, e is the frequency at which

selection began, and t; = 4000 is the time in generations since the two populations diverged.
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Figure S2. Power curves for unphased implementations of iHS (A, C, and E) and nSL (B, D,
and F) under demographic histories Demo 1 (A and B), Demo 3 (C and D), and Demo 4 (E and
F). s is the selection coefficient, f is the frequency of the adaptive allele at time of sampling, g is
the number of generations at time of sampling since fixation, e is the frequency at which

selection began, and t; = 8000 is the time in generations since the two populations diverged.
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Figure S3. Power difference between unphased implementations of XP-EHH (A, C, and E) and
XP-nSL (B, D, and F) and phased implementations. Blue curves represent the power difference
between the unphased and phased statistics when applied to unphased data (UN). Red curves
represent the power difference between the unphased and phased statistics when applied to
perfectly phased data (PH). Values greater than 0 indicate the unphased statistic had higher
power. Applied to demographic histories Demo 1 (A and B), Demo 2 (C and D), and Demo 3 (E
and F). s is the selection coefficient, f is the frequency of the adaptive allele at time of sampling,
g is the number of generations at time of sampling since fixation, e is the frequency at which

selection began, and t; = 4000 is the time in generations since the two populations diverged.
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Figure S4. Power difference between unphased implementations of XP-EHH (A, C, and E) and
XP-nSL (B, D, and F) and phased implementations. Blue curves represent the power difference
between the unphased and phased statistics when applied to unphased data (UN). Red curves
represent the power difference between the unphased and phased statistics when applied to
perfectly phased data (PH). Values greater than 0 indicate the unphased statistic had higher
power. Applied to demographic histories Demo 1 (A and B), Demo 2 (C and D), and Demo 3 (E
and F). s is the selection coefficient, f is the frequency of the adaptive allele at time of sampling,
g is the number of generations at time of sampling since fixation, e is the frequency at which

selection began, and t; = 8000 is the time in generations since the two populations diverged.
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326  Figure S5. Power curves for unphased implementations of XP-EHH (A and C) and XP-nSL (B
327 and D) under demographic histories Demo 4 (A and B), and Demo 5 (C and D). s is the

328  selection coefficient, f is the frequency of the adaptive allele at time of sampling, g is the

329 number of generations at time of sampling since fixation, e is the frequency at which selection

330 began, and t; = 4000 is the time in generations since the two populations diverged.
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332  Figure S6. Power curves for unphased implementations of XP-EHH (A and C) and XP-nSL (B
333 and D) under demographic histories Demo 4 (A and B), and Demo 5 (C and D). s is the

334  selection coefficient, f is the frequency of the adaptive allele at time of sampling, g is the

335 number of generations at time of sampling since fixation, e is the frequency at which selection

336 began, and t; = 8000 is the time in generations since the two populations diverged.
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Figure S7. Power difference between unphased implementations of iHS (A, C, and E) and nSL
(B, D, and F) and phased implementations. Blue curves represent the power difference between
the unphased and phased statistics when applied to unphased data (UN). Red curves represent
the power difference between the unphased and phased statistics when applied to perfectly
phased data (PH). Values greater than 0 indicate the unphased statistic had higher power.
Applied to demographic histories Demo 1 (A and B), Demo 3 (C and D), and Demo 4 (E and F).
s is the selection coefficient, f is the frequency of the adaptive allele at time of sampling, g is
the number of generations at time of sampling since fixation, e is the frequency at which

selection began, and t; = 4000 is the time in generations since the two populations diverged.
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Figure S8. Power difference between unphased implementations of iHS (A, C, and E) and nSL
(B, D, and F) and phased implementations. Blue curves represent the power difference between
the unphased and phased statistics when applied to unphased data (UN). Red curves represent
the power difference between the unphased and phased statistics when applied to perfectly
phased data (PH). Values greater than 0 indicate the unphased statistic had higher power.
Applied to demographic histories Demo 1 (A and B), Demo 3 (C and D), and Demo 4 (E and F).
s is the selection coefficient, f is the frequency of the adaptive allele at time of sampling, g is
the number of generations at time of sampling since fixation, e is the frequency at which

selection began, and t; = 8000 is the time in generations since the two populations diverged.
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Figure S9. Power difference between unphased implementations of XP-EHH (A, C, and E) and
XP-nSL (B, D, and F) and phased implementations. Blue curves represent the power difference
between the unphased and phased statistics when applied to unphased data (UN). Red curves
represent the power difference between the unphased and phased statistics when applied to
perfectly phased data (PH). Values greater than 0 indicate the unphased statistic had higher
power. Applied to demographic histories Demo 1 (A and B), Demo 2 (C and D), and Demo 3 (E
and F). s is the selection coefficient, f is the frequency of the adaptive allele at time of sampling,
g is the number of generations at time of sampling since fixation, e is the frequency at which

selection began, and t; = 4000 is the time in generations since the two populations diverged.



o O
- .
o O
n
o o
nu U o
S 9 o
o O o
n 1 n
O O o»w
A AN -
S 9 o
o O o
n 1 n
O O ow
__.
[
Te]
- - O
S 9 &
o O o
n 1 n
O O w
2 9
o O
c C
o O
T T
Z T
S5

Demo 1: XP-nSL; ty = 8000

B

8000

Demo 1: XP-EHH; t4

T T
0 o 0 Q
= S g 3
soualayI Jlemod

[ [ [ [
w o . 9
° ° 9 T

soualayiq Jamod

o0L=6

05="0

paxi4

6'0=}

80=4

0=}

00L=H

05=06

paxi4

6'0=14

8'0=1}

0=}

= 8000

Demo 2: XP-nSL; t4

D

Demo 2: XP-EHH; t4 = 8000

L

.

o
T T T
0 < 0
o o =
soualayiq Jlemod

I
Q
-

I

w9
o o

T T T
0
<

souaJayiq Jamod

I
Q
-

I

o00L=6

05=6

paxi4

6°0=}

8'0=1}

0=}

00L=6

05="6

poxid

60=}

8'0=}

0=}

Demo 3: XP-nSL; ty = 8000

F

Demo 3: XP-EHH; t4 = 8000

G

1.0

I I
0 Q 0 o
s S 9 3
QouaIayig Jemod
r
I I I I I
o 0 o 0 o
8dualaiq Jamod

001 =6

05=6

paxid

6'0=}

8'0=4

0=}

00L =6

05=06

paxi4

60=14

8'0=14

0=}

367



368

369

370

371

372

373

374

375

376

377

Figure S10. Power difference between unphased implementations of XP-EHH (A, C, and E)
and XP-nSL (B, D, and F) and phased implementations. Blue curves represent the power
difference between the unphased and phased statistics when applied to unphased data (UN).
Red curves represent the power difference between the unphased and phased statistics when
applied to perfectly phased data (PH). Values greater than 0 indicate the unphased statistic had
higher power. Applied to demographic histories Demo 1 (A and B), Demo 2 (C and D), and
Demo 3 (E and F). s is the selection coefficient, f is the frequency of the adaptive allele at time
of sampling, g is the number of generations at time of sampling since fixation, e is the frequency
at which selection began, and t; = 8000 is the time in generations since the two populations

diverged.



378
379

380

381

382

383

384

385

UN | == denovo === ¢=0.01 === ¢=0.02 = ¢=0.05 e=0.10
PH | === denovo === ¢=001 === ¢=0.02 = ¢=0.05 e=0.10
= 5=0.005 = = s=001 --- s=0.02

A Demo 4: XP-EHH; t4 = 4000 B Demo 4: XP-nSL; ty = 4000

1.0 H 1.0

0.5 0.5

0.0 0.0 H

Power Difference
\
Power Difference
‘\
\

-0.5 -0.5

-1.0 -1.0

0.7
0.9
0.7
0.9

Fixed
Fixed

g=50
100

f
f=0.8
f
f=0.8
g=50
100

f
f

9
<]

@)

Demo 5: XP-EHH; t4 = 4000 D Demo 5: XP-nSL; ty = 4000

1.0 H

0.5 +

0.0 - w e e S o S e R

-0.5

Power Difference
L5 o o -
o (6)] o [6)] o

| | | | |
1
Power Difference

-1.0

0.7
0.9
0.7
0.9

f=0.8 1
Fixed
g=50
100 —
f=0.8
Fixed
g=>50
100

f
f
f
f

¢}
9

Figure $11. Power difference between unphased implementations of XP-EHH (A and C) and
XP-nSL (B and D) and phased implementations. Blue curves represent the power difference
between the unphased and phased statistics when applied to unphased data (UN). Red curves
represent the power difference between the unphased and phased statistics when applied to
perfectly phased data (PH). Values greater than 0 indicate the unphased statistic had higher
power. Applied todemographic histories Demo 4 (A and B), and Demo 5 (C and D). s is the

selection coefficient, f is the frequency of the adaptive allele at time of sampling, g is the
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Figure $12. Power difference between unphased implementations of XP-EHH (A and C) and
XP-nSL (B and D) and phased implementations. Blue curves represent the power difference
between the unphased and phased statistics when applied to unphased data (UN). Red curves
represent the power difference between the unphased and phased statistics when applied to
perfectly phased data (PH). Values greater than 0 indicate the unphased statistic had higher

power. Applied todemographic histories Demo 4 (A and B), and Demo 5 (C and D). s is the



395  selection coefficient, f is the frequency of the adaptive allele at time of sampling, g is the

396 number of generations at time of sampling since fixation, e is the frequency at which selection
397 began, and t; = 8000 is the time in generations since the two populations diverged.
398
399 Table 1. Demographic history parameters for simulations. N, represents the ancestral effective
400 population size. N, represents the effective population size of the population experiencing the
401 sweep. N, represents the effective population size of the non-sweep population. t; represents
402  the split time between the two populations.
Ny at split | N, at present | N; at split | N; at present ty
Demo 1 10,000 | 10,000 10,000 10,000 10,000 2,000/4,000/8,000
Demo 2 10,000 | 10,000 10,000 5,000 5,000 2,000/4,000/8,000
Demo 3 10,000 | 5,000 5,000 10,000 10,000 2,000/4,000/8,000
Demo 4 10,000 | 10,000 50,000t 10,000 10,000 2,000/4,000/8,000
Demo 5 10,000 | 10,000 10,000 10,000 50,000t 2,000/4,000/8,000
403  1The reached via exponential growth starting 2,000 generations ago.
404
405 Table S1. False positive rate computed from neutral simulations for varying t; and demographic
406 history.
tqg = 2000 tqg = 4000 tq = 8000
Demo 1 0.013 0.1 0.009
iHS Demo 3 0.007 0.013 0.007
Demo 4 0.015 0.018 0.008
Demo 1 0.01 0.015 0.008
nSL Demo 3 0.008 0.011 0.007
Demo 4 0.014 0.021 0.014
Demo 1 0.013 0.013 0.016
Demo 2 0.017 0.009 0.015
XP-EHH Demo 3 0.01 0.011 0.012
Demo 4 0.012 0.014 0.014
Demo 5 0.011 0.012 0.013
Demo 1 0.014 0.011 0.013
Demo 2 0.019 0.011 0.012
XP-nSL Demo 3 0.011 0.011 0.012
Demo 4 0.012 0.012 0.014
Demo 5 0.011 0.012 0.014
407
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