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S2 Power Analysis: Large Genome 26

Text S2.1 27

Adjusting migration rate and duration of the introgression sweep. 28

29

We use the model in Fig. B1, where introgression from a donor species occurs as a short 30

and sudden migration episode from the donor to the recipient species. In order to 31

simulate the sweep of an introgressed selected allele, we adjust the migration parameter 32

m such that the expected frequency p0 of the introgressed selected allele just after the 33

migration episode leads to the fixation of the selected allele with a high probability 34

πfix = 0.95. 35

36

Migration rate. Under a diploid additive model the probability of ultimate fixation of 37

a beneficial allele with initial frequency p0 is given by eq. (5.47) in [1] 38

πfix =
1− e−2Nsp0
1− e−2Ns

. (S2.1)

Isolating p0 in eq. (S2.1) leads to 39

p0 = − 1

2Ns
ln

(
1−

(
1− e−2Ns

)
πfix

)
. (S2.2)

In a discrete generation model, the backward migration rate m is defined as the 40

probability for a lineage in the recipient population to come from the donor population 41

at the previous generation, we thus have p0 = m and adjust the migration rate to 42

obtain a desired fixation probability for the selected allele. In a continuous coalescent 43

model where time is scaled in units of 4N generations, a comparible result is obtained 44

by seting the migration rate to m = p0/∆tmig during a time interval ∆tmig. 45

46

Duration of the sweep phase. We assume weak selection such that w̄ ≈ 1 and the 47

dynamics of the frequency of the beneficial allele is well described by the logistic 48

model [1, eq. (1.27)]. If the time t is scaled in units of 4N generations, we have 49

dp

dt
= 4Nsp(1− p)⇒ t =

1

4Ns
(ln p− ln(1− p)) + C, (S2.3)

where C is an integration constant. The duration of the sweep phase ∆tsweep can be 50

computed from the frequencies of the beneficial mutation at the introgression time p0 51

and at the end of the sweep p = 1− 1/(2N): 52

∆tsweep =
1

4Ns

(
ln

(
1− 1

2N

)
− ln

1

2N
− ln p0 + ln(1− p0)

)
. (S2.4)

Including drift at the end of the sweep would substantially shorten the duration of the 53

sweep, and using eq. (S2.4) enables that the selected went to fixation with a high 54

probability. 55
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Text S2.2 56

Coalescent simulations. 57

58

The coalescent simulations were conducted with the R package coala [2] as a frontend 59

to the coalescent simulator msms [3]. 60

61

Coalescent simulations involving introgression sweeps. 62

We used the model described in supp. Fig. B1. We simulated coalescent trees for 63

n = 40 lineages sampled from the recipient species and one from the outgroup species. 64

The simulated region comprises 2× 105 nucleotides, the recombination rate was set to 65

ρ = 5× 10−7 events per generation per nucleotide and the mutation rate was set to 66

µ = 1.25× 10−7 events per generation per nucleotide following previous studies [4]. The 67

speciation time between the outgroup and the ancestor of the donor and recipient 68

species was Tsp = 10 units of 4N generations (8 Mya with N = 104 and a 20 years 69

generation time). The divergence time between the donor and recipient species was 70

Td ∈ {1, 2.5, 4, 5.5} (D/θ ∈ {3, 6, 9, 12}, equivalent to 0.8, 2, 3.2, and 4.4 Mya, 71

respectively). Taking into account an average expected time of 2N generations for the 72

coalescence of a pair of lineages coming for the donor and recipient species, these values 73

of Td lead to an average probability for a nucleotide to differ between the donor and the 74

recipient species (average divergence) of D ∈ {0.015, 0.03, 0.045, 0.06}. The population 75

sizes of the recipient species, the ancestor of the recipient and donor species, as well as 76

the outgroup species were set to N = 104 individuals. To mimic a sweep from a single 77

lineage introgressed from the donor species (hard introgression sweep), the population 78

size of the donor species was reduced to a single individual (Nd = 1) at the time of the 79

split such that all lineages that trace back into the donor species coalesce almost 80

instantaneously. We also relaxed this assumption, restraining this bottleneck to a tiny 81

time interval (20 generations) after the split from the recipient species and thus allowing 82

the donor species to recover polymorphism before the introgression event, potentially 83

allowing sweeps from different lineages in the recipient species (soft introgression 84

sweeps). Because we do not model an initial selective sweep in the donor population, 85

the nucleotide diversity in the donor population is only affected by the strong 86

bottleneck and is not locally reduced around the selected site. 87

Introgression from the donor into the recipient species occurs at time 88

Ti = Ts + ∆tsweep + ∆tmig: migration is allowed from the donor species into the 89

recipient species for a short time interval ∆tmig. The migration rate m and duration of 90

the migration interval ∆tmig are chosen such that the expected frequency of the selected 91

allele in the recipient species at the end of the migration interval leads to the fixation of 92

the selected allele with a high probability πfix as described in Text S2.1. Two selection 93

coefficients were used 2Ns ∈ {100, 1000} and πfix = 0.95 was achieved by using an 94

identical migration rate in both cases (m ≈ 0.003) and letting the duration of the 95

migration event last a single generation (∆tmig = 1/(4N) for 2Ns = 1 000) or 10 96

generations (∆tmig = 10/(4N) for 2Ns = 100). A logistic model for the dynamics of the 97

selected allele as in eq. (S2.3) eventually leads to fixation after some time given by eq. 98

(S2.4). We assume that sampling was done at time Ts ∈ {0, 0.1, 0.25, 0.5} (equivalent 99

to 0, 80, 200, and 400 kya respectively) after the fixation event. 100

101

Total number of replicates. Combining four values for the divergence time 102

Td ∈ {1, 2.5, 4, 5.5}, four values for the time since the selective sweep 103

Ts ∈ {0, 0.1, 0.25, 0.5} and two values for the selection coefficient 2Ns ∈ {100, 1 000} 104

for each hard and soft introgression sweeps leads to 64 parameter sets. For each 105

parameter set, we ran 1 000 coalescent simulations involving selection and 10 000 neutral 106

coalescent simulations with the same admixture level (same migration rate at the same 107
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time point). In addition, a neutral non-admixed reference was obtained from another 108

10 000 coalescent simulations. In total we thus performed 714 000 (650 000 neutral and 109

64 000 non-neutral) coalescent simulations. 110

111

Coalescent simulations involving balancing selection. 112

We used three different demographic models (Fig. B2) inspired by the models that 113

were formerly used to investigate the statistical power of BALLET [5]. The speciation 114

time between the outgroup and the ingroup species was Tsp = 10 units of 4N 115

generations (8 Mya with N = 10 000 and a 20 years generation time). The simulated 116

sequence comprised 2× 105 nucleotides. Balancing selection involved a selected locus 117

with two alleles (A and a) in the middle of the sequence. We assumed overdominance 118

with the following fitnesses: waa = 1, wAa = 1 + hs and wAA = 1 + s with h = 100 and 119

s = 0.01. Balancing selection started at different times 120

Ts ∈ {1.25, 5, 8.75, 12.5, 16.25, 20} (equivalent to 1, 4, 7, 10, 13, and 16 Mya, 121

respectively). We assume the selected allele A reaches the equilibrium frequency 122

h/(2h− 1) as soon as selection starts. For the population growth model, population 123

expanded from N = 10 000 to Ng = 2N at time Tg = 0.06 (48 kya). For the bottleneck 124

model, population size was reduced from N = 10 000 to Nb = 0.055N at time 125

Tb = 0.0375 (30 kya) before returning to its initial size at time Te = 0.0275 (22 kya). 126

127

Total number of replicates. Combining three demographic models and six values for Ts 128

leads to 18 parameter sets. We ran 1 000 coalescent simulations involving selection for 129

each parameter set, and 10 000 neutral coalescent simulations for each demographic 130

model. In addition to these simulations, a single simulation of a 2× 107 nucleotides 131

sequence was performed to generate a genomic background reference for each 132

demographic model. In total we thus performed 48 003 (30 000 neutral, 18 000 133

non-neutral and 3 neutral background references) coalescent simulations. 134
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Fig. B1 135

Introgression model. The model comprizes three species. The ancestor of the donor 136

and recipient species diverged from an outgroup species at time Tsp in the past. The 137

donor and recipient species diverged at time Td in the past. Immediately after this 138

speciation event, selection starts (diploid additive model with selection coefficient s) in 139

the donor and recipient species, but the beneficial allele is only present in the donor 140

species, where it is assumed to have already reached fixation. The donor species is 141

bottlenecked to a population size of N ′ = Nd individuals (Nd is assumed to be very 142

small so that coalescence of lineages in the donor species is immediate). The bottleneck 143

may last until present (enforcing a hard introgression sweep, vertical dashed line) or only 144

occur for a very short period after which the donor population size is set to N ′ = N , 145

allowing the donor population to recover some polymorphism before the introgression 146

occurs (soft introgression sweep). At time Ti in the past, migration occurs for a small 147

amount of time (one to ten generations) from the donor to the recipient species. At this 148

time point the beneficial allele is introgressed in the recipient population. The migration 149

rate m is set such that the fixation probability of the beneficial allele in the recipient 150

population is 0.95 given its expected initial frequency in the recipient population at 151

time Ti. The selected allele reaches fixation in the recipient species at time Ts. 152

153
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Fig. B2 154

Balancing selection models. The model comprizes two species, the outgroup and 155

the ingroup species that diverged at time Tsp in the past, when the ancestor species 156

(size Na) splitted into two species of equal sizes N = Na. Balancing selection starts at 157

time Ts either in the ingroup species (Ts < Tsp) or in the ancestor species (Tsp < Ts). 158

A Constant population size model. B Population growth model: the size of the ingroup 159

species expanded to Ng at time Tg. C Bottleneck model: the size of the ingroup species 160

was reduced to Nb between times Tb and Te. 161

162

A B C 163
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Text S2.3 164

Genome scans. 165

166

Genome scans for introgression sweeps. We compared the performance of three 167

model-based composite likelihood methods: BALLET [5], SweepFinder2 [4] and 168

VolcanoFinder. For each method, two cases were considered for the reference genomic 169

background. We considered either a non-admixed reference inferred from 10 000 neutral 170

coalescent simulations without introgression or an admixed reference inferred from 171

10 000 neutral coalescent simulations involving the same level of admixture as the 172

non-neutral coalescent (same migration rate at the same time point) as described in 173

Text S2.2 and Fig. B1. 174

BALLET: the T2 test of BALLET was used with a sliding window size of 21 informative 175

sites (half-window size of 10 sites). 176

SweepFinder2: the composite likelihoods were computed on a grid of 800 locations for 177

the selected site (250 nucleotides spacing, four times denser than that used in the 178

original article on SweepFinder2). 179

VolcanoFinder: the model 1 was used to compute the composite likelihoods on a grid 180

of 800 locations for the selected site and 13 values for the divergence parameter 181

D ∈ {0.005, 0.01, 0.015, . . . , 0.065}, encompassing the full range of D in the simulations. 182

183

Genome scans for balancing selection. We compared the performance of BALLET and 184

VolcanoFinder under three demographic scenarios (Fig. B2) inspired by the original 185

BALLET article [5]. For each method, the genomic background reference was inferred 186

from a single coalescent simulation of a 2× 107 nucleotides under the same demographic 187

scenario. 188

BALLET: the T2 test of BALLET [5] was used with a sliding window size of 21 informative 189

sites (half-window size of 10 informative sites). 190

VolcanoFinder: the model 1 was used to compute the composite likelihoods on a grid 191

of 500 locations for the selected site and 13 values for the divergence parameter 192

D ∈ {0.001, . . . , 0.013}, enabling to encompass the full range of starting time for the 193

selection Ts in the simulations. 194

195

Power analysis. For all methods, the maximum LR value in a simulated sequence of 196

200kb was used as a test statistics. 197

198

Rejection rates. The rejection rate of a method for a given false positive rate FPR (up 199

to 0.05) was estimated as the proportion of the non-neutral simulations (among 1 000 200

non-neutral replicates) leading to a test statistics exceeding the (1− FPR) quantile of 201

the null distribution (estimated from 10 000 neutral replicates). Because introgression 202

sweeps with a low selection coefficient (2Ns = 100) mainly altered the site frequency 203

spectrum within 10 kb from the selected site (see Fig. B4 and Fig. B5), we also 204

computed rejection rates based on the maximum LR value in the central 20 kb in this 205

case. 206

207

Probability of detection of an introgression sweep in a genome scan. Whole genome scan 208

usually look for outliers among genome-wide data and selection at a locus is detected if 209

the LR value at this locus ranks among the genome-wide highest peaks. We used the 210

following procedure to mimic such a study: the genome-wide null-distributions of the 211

LR values were obtained from the reference 10 000 neutral replicates of 200 kb (leading 212

to 2 Gb genomes). For each neutral replicate 800 LR values were retained (all values for 213

VolcanoFinder and SweepFinder2 and the highest LR value in 800 non-overlapping 214

window of 250 nt for BALLET) leading to 8× 106 LR values for the whole genome. The 215
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probability to detect an introgression sweep in a genome scan considering a set of top-X 216

candidates was computed as the proportion of the non-neutral replicates (estimated 217

from 1 000 replicates) leading to a maximum LR value (in a single replicate) higher than 218

the Xth genome-wide neutral highest LR peak. 219

Text S2.4 220

Statistical power: non-admixed genomic background 221

In the limiting case of a non-admixed genomic background, VolcanoFinder clearly 222

outperforms the other methods (Fig. B3 and Fig. B6). It detects both hard and soft 223

introgression sweeps with strong or moderate selection strength with a probability close 224

to 1 even in very small sets of outliers as long as the divergence from the donor species 225

is large enough (Td > 2.5, i.e., D > 6θ). In contrast to classical sweeps, even older 226

introgression events are detected with high power (up to Ts = 0.5). The relative 227

performances of BALLET and SweepFinder2 depend on the age of the sweep. For highly 228

diverged species (Td > 4, D > 9θ), SweepFinder2 loses power faster than BALLET as the 229

time since the selective sweep increases, because it is sensitive to the valley of expected 230

heterozygosity induced by the selective sweep. This also explains the large reduction in 231

power of SweepFinder2 for soft sweeps. The better performance of VolcanoFinder in 232

detecting introgression sweeps in smaller sets of outliers relies on its higher rejection 233

rates for low false positive rate, see Fig. B6 (the lowest false positive rate on our ROC 234

curves is 0.1%). 235

For some parameter sets, the power (or detection probability) of the tests exceeds 236

the 95% probability that adaptive introgression occurs in the simulations. This is 237

because the tests really detect local introgression in this setting, as described above. 238

Even in the 5% of simulations where the adaptive allele is eventually lost, there may 239

still be a significant excess of introgressed variation at the focal locus relative to the 240

background. If these variants segregate at intermediate frequencies, then the signal is 241

picked up by scans for adaptive introgression or long-term balancing selection. Note 242

that, when rejection rates exceed 95%, higher rejection rates are observed for weak 243

selection (2Ns = 100) than for strong selection (2Ns = 1 000), consistent with the 10 244

fold higher admixture level needed in the weak selection case to achieve a 95% 245

probability for an introgression sweep to occur. 246
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Fig. B3 247

Detection probability of an introgression sweep (non admixed background) 248

Probability of an introgression sweep event to be detected in a genome-scan analysis 249

using VolcanoFinder (blue), BALLET (brown) and SweepFinder2 (green). The x-axis 250

represents the number of false-positive peaks from the neutral data which score higher 251

than the true-positive signal.The donor species diverged from the recipient species at 252

(top to bottom) Td = 1, 2.5, 4, 5.5 (i.e. D = 3θ, 6θ, 9θ, 12θ) and the selective sweep 253

ended (from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. 254

Solid lines: no polymorphism in the donor species (hard introgression sweep). Dashed 255

lines: polymorphism exists in the donor species (possible soft introgression sweep). Dark 256

colour: 2Ns = 1 000; light colour: 2Ns = 100. Analyses involved a non-admixed neutral 257

genomic background as a reference. 258
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Fig. B4 260

Volcano patterns caused by a hard introgression sweep. Average nucleotide 261

diversity (Tajima’s θ̂π, [6]) in non-overlapping windows of 400 nucleotides in the 262

simulated 200 kb alignments involving a hard introgression sweep. The selection 263

strength is 2Ns = 100 (left) or 2Ns = 1 000 (right). The age of the split between the 264

donor and recipient populations is (from top to bottom) Td = 1, 2.5, 4, 5.5 units of 4N 265

generations (D/θ = 3, 6, 9, 12). The ending time of the selective sweep is Ts = 0 (red), 266

Ts = 0.1 (green), Ts = 0.25 (blue), Ts = 0.5 (black) units of 4N generations before 267

sampling. The coloured horizontal lines indicate the background polymorphism level in 268

all cases. For the lowest selection strength only the central 40 kb region is shown. 269
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Fig. B5 271

Volcano patterns caused by a soft introgression sweep. Average nucleotide 272

diversity (Tajima’s θ̂π [6]) in non-overlapping windows of 400 nucleotides in the 273

simulated 200 kb alignments involving a soft introgression sweep. The selection strength 274

is 2Ns = 100 (left) or 2Ns = 1 000 (right). The age of the split between the donor and 275

recipient populations is (from top to bottom) Td = 1, 2.5, 4, 5.5 units of 4N generations 276

(D/θ = 3, 6, 9, 12). The ending time of the selective sweep is Ts = 0 (red), Ts = 0.1 277

(green), Ts = 0.25 (blue), Ts = 0.5 (black) units of 4N generations before sampling. The 278

coloured horizontal lines indicate the background polymorphism level in all cases. For 279

the lowest selection strength only the central 40 kb region is shown. 280
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Text S2.5 282

Probability of detection of an introgression sweep in an outlier study 283

Analyses of test power typically display the true positive rate against the false 284

positive rate in a so-called ROC curve. In the current study, ROC curves of this type 285

are provided in the supporting information (Fig. B6 and Fig. B7). However, when a test 286

is applied to actual data, the problem is slightly different. An introgression sweep event 287

is identified in a genome-wide scan if the CLR values in the region involved in the 288

introgression sweep rank among the highest genome-wide candidate peaks. We therefore 289

define a detection probability given a number X of candidate peaks considered as the 290

probability that the focal locus ranks among the top X CLR value peaks. The large 291

number of neutral replicates we used for the power analysis is comparable to a full 292

genome scan (for each parameter set, we produced 104 neutral replicates of 200 kb 293

sequences leading to a 2 Gb alignment and 8× 106 CLR values) and enabled us to 294

estimate these detection probabilities (Fig. B3 and Fig. 5). Both ways to display test 295

power are related: a high rejection rate for a very low false positive rate guarantees a 296

high-ranking peak in a genome scan. However there are important differences: 297

Rejection rates of ROC curves usually consider the maximum CLR statistics in windows 298

around a focal site and are thus dependent on the (to some extent arbitrary) width of 299

these windows. In contrast, the outlier-peak approach (like a scan of real data) uses the 300

width of observed peaks to account for local linkage and therefore does not depend on a 301

predefined window width. 302

Admixed Genomic BAckground As mentioned above, the rejection rates in ROC 303

curves depend on the window size that is used to derive the maximum CLR statistics in 304

the neutral reference. Narrower windows lead to smaller samples of CLR values for the 305

null model, and thus to increased rejection rates. As the region showing the 306

introgression sweep signal is ten times wider for strong selection (2Ns = 1 000) than for 307

weak selection (2Ns = 100), narrower windows can, in principle, be used for weaker 308

selection. We therefore also computed the rejection rates based on the maximum CLR 309

in regions of different width around the selected site when selection is weak (200 kb for 310

both 2Ns = 1000 and 2Ns = 100 in Fig. B7 ; 200 kb for 2Ns = 1 000 and 20 kb for 311

2Ns = 100 in Fig. B8). As expected, the rejection rates for 2Ns = 100 increase 312

(Fig. B8): the gain of statistical power is especially noticeable for old introgression 313

sweeps (Ts > 0.1 ) for which the rejection rates now clearly exceed the false positive 314

rate. However, it does not reach the high values for the case 2Ns = 1 000 and a smaller 315

admixture proportion. The effects of a smaller window size are similar for all three 316

methods studied. 317

This approach with different window widths was also used when contrasting 318

significant and non-significant tests in the distribution of the estimated selection 319

parameters (position of the selected locus, selection strength, and divergence from the 320

donor species) as inferred by VolcanoFinder. These results are described in Text S2.6 321

and Fig. B9 to Fig. B18. 322
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Fig. B6 323

Performance curves (non admixed background). Rejection rates of 324

VolcanoFinder (blue), BALLET (brown) and SweepFinder2 (green) for an introgression 325

sweep event from a donor species that diverged from the recipient species at (top to 326

bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and a selective sweep that ended (from 327

left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. Solid lines: no 328

polymorphism in the donor species (hard introgression sweep). Dashed lines: 329

polymorphism exists in the donor species (possible soft sweep). Dark colour: 330

2Ns = 1 000; light colour: 2Ns = 100. The upper gray line indicates the expected 331

highest rejection rate given the expected proportion of successful selective sweeps in the 332

sample. Lower gray area: the rejection rate does not exceed the false positive rate. For 333

all three methods, the test statistics is the highest LR value in the simulated 200 000 334

nucleotides alignment. The test statistics is the highest LR value in the simulated 335

sequence of 200 kb for both 2Ns = 1000 and 2Ns = 1000. Analyses involved a neutral 336

non-admixed genomic background as a reference. 337

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False Positive Rate

R
ej

ec
tio

n 
R

at
e

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False Positive Rate

R
ej

ec
tio

n 
R

at
e

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False Positive Rate

R
ej

ec
tio

n 
R

at
e

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False Positive Rate

R
ej

ec
tio

n 
R

at
e

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False Positive Rate

R
ej

ec
tio

n 
R

at
e

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False Positive Rate

R
ej

ec
tio

n 
R

at
e

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False Positive Rate

R
ej

ec
tio

n 
R

at
e

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False Positive Rate

R
ej

ec
tio

n 
R

at
e

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False Positive Rate

R
ej

ec
tio

n 
R

at
e

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False Positive Rate

R
ej

ec
tio

n 
R

at
e

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False Positive Rate

R
ej

ec
tio

n 
R

at
e

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False Positive Rate

R
ej

ec
tio

n 
R

at
e

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False Positive Rate

R
ej

ec
tio

n 
R

at
e

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False Positive Rate

R
ej

ec
tio

n 
R

at
e

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False Positive Rate

R
ej

ec
tio

n 
R

at
e

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False Positive Rate

R
ej

ec
tio

n 
R

at
e

338

June 8, 2020 13/28



Fig. B7 339

Performance curves (admixed background). Rejection rates of VolcanoFinder 340

(blue), BALLET (brown) and SweepFinder2 (green) for an introgression sweep event 341

from a donor species that diverged from the recipient species at (top to bottom) 342

Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and a selective sweep that ended (from left to 343

right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. Solid lines: no 344

polymorphism in the donor species (hard introgression sweep). Dashed lines: 345

polymorphism exists in the donor species (possible soft sweep). Dark colour: 346

2Ns = 1 000; light colour: 2Ns = 100. The upper gray line indicates the expected 347

highest rejection rate given the expected proportion of successful selective sweeps in the 348

sample. Lower gray area: the rejection rate does not exceed the false positive rate. For 349

all three methods, the test statistics is the highest LR value in the simulated 200 000 350

nucleotides alignment. The test statistics is the highest LR value in the simulated 351

sequence of 200 kb for both 2Ns = 1000 and 2Ns = 1000. Analyses involved a neutral 352

admixed genomic background with the same level of admixture as a reference. 353
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Fig. B8 355

Performance curves (admixed background and different window sizes). 356

Rejection rates of VolcanoFinder (blue), BALLET (brown) and SweepFinder2 (green) 357

for an introgression sweep event from a donor species that diverged from the recipient 358

species at (top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and a selective sweep 359

that ended (from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. 360

Solid lines: no polymorphism in the donor species (hard introgression sweep). Dashed 361

lines: polymorphism exists in the donor species (possible soft sweep). Dark colour: 362

2Ns = 1 000; light colour: 2Ns = 100. The upper gray line indicates the expected 363

highest rejection rate given the expected proportion of succesfull selective sweeps in the 364

sample. Lower gray area: the rejection rate does not exceed the false positive rate. For 365

all three methods, the test statistics is the highest LR value in the simulated 200 000 366

nucleotides alignment. The test statistics is the highest LR value in the simulated 367

sequence of 200 kb (2Ns = 1 000) or in the central 20 kb (2Ns = 100). Analyses 368

involved a neutral admixed genomic background with the same level of admixture as a 369

reference. 370
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Text S2.6 372

Inferred parameters of the selection model. 373

374

We assessed the accuracy of VolcanoFinder to infer the position of the selected site, 375

the compound selection parameter α, and the divergence with the donor species D. For 376

the position of the selected locus, comparisons could be made with the BALLET and 377

SweepFinder methods. We report the observed distributions of the estimated 378

parameters for each parameter set in the case of a hard introgression sweep. In these 379

distributions we highlight values that lead to a significant CLR test (using an admixed 380

background and a 20 kb window size for 2Ns = 100 and a 200 kb window size for 381

2Ns = 1 000 as in Fig. B8). 382

383

Location of the selected locus as inferred by genome scan methods. 384

385

Distributions for the location of the selected site as inferred by the highest CLR 386

value are shown on supp. Fig. B9 to Fig. B14. VolcanoFinder and SweepFinder2 use 387

information from the valley of reduced heterozygosity in the center of the sweep region 388

and locate the target of selection more accurately than BALLET, which tries to fit a 389

balancing selection model to the data and thus tends to locate the target of selection in 390

the flanking regions where the polymorphism to divergence ratio is higher. For older 391

introgression sweeps (Ts > 0.25) the accuracy of all methods decreases. 392

393

Parameters of the introgression sweep as inferred by VolcanoFinder. 394

395

The distributions of the scaled divergence parameter D̂/θ inferred from the location 396

with the highest CLR value are shown on Fig. B15 to Fig. B16. As expected from the 397

analytical analysis, VolcanoFinder tends to underestimate D. Unsurprisingly, the 398

mean of the distribution of estimated D̂ tends to decrease for older introgression sweeps 399

that typically lead to less pronounced volcano shapes (see Fig. B4). The variance of the 400

distribution of D̂ also tends to increase with increasing age of the introgression sweep, 401

probably because our model only considers very recent sweeps. 402

403

The distributions of the selection strength inferred parameter − log10(α̂) from the 404

location with the highest CLR value are shown on Fig. B17 to Fig. B18. − log10(α) 405

seems to be relatively accurately estimated for recent introgression sweeps whereas it 406

might be underestimated in the case of old introgression sweeps that typically lead to 407

narrower volcano shapes (see Fig. B4). 408
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Fig. B9 409

Location of the maximum LR inferred by VolcanoFinder (2Ns = 1 000). 410

Location of the highest LR inferred by VolcanoFinder for a hard introgression sweep 411

event with selection coefficient 2Ns = 1 000. The donor species diverged from the 412

recipient species at (from top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and the 413

selective sweep ended (from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations 414

in the past. The coloured and gray parts indicate significant and non-significant test as 415

shown in Fig. B8. 416
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Fig. B10 418

Location of the maximum LR inferred by VolcanoFinder (2Ns = 100). 419

Location of the highest LR inferred by VolcanoFinder for a hard introgression sweep 420

event with selection coefficient 2Ns = 100. The donor species diverged from the 421

recipient species at (from top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and the 422

selective sweep ended (from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations 423

in the past. The coloured and gray parts indicate significant and non-significant test as 424

shown in Fig. B8. Only the central part of the simulated region is shown. 425

90 11
0

location (kb)

co
un

ts

0

50

100

150

200

90 11
0

location (kb)

co
un

ts

0

50

100

150

200

90 11
0

location (kb)

co
un

ts

0

50

100

150

200

90 11
0

location (kb)

co
un

ts

0

50

100

150

200

90 11
0

location (kb)

co
un

ts

0

50

100

150

200

90 11
0

location (kb)

co
un

ts

0

50

100

150

200

90 11
0

location (kb)

co
un

ts

0

50

100

150

200

90 11
0

location (kb)

co
un

ts

0

50

100

150

200

90 11
0

location (kb)

co
un

ts

0

50

100

150

200

90 11
0

location (kb)

co
un

ts

0

50

100

150

200

90 11
0

location (kb)

co
un

ts

0

50

100

150

200

90 11
0

location (kb)

co
un

ts

0

50

100

150

200

90 11
0

location (kb)

co
un

ts

0

50

100

150

200

90 11
0

location (kb)

co
un

ts

0

50

100

150

200

90 11
0

location (kb)

co
un

ts

0

50

100

150

200

90 11
0

location (kb)

co
un

ts

0

50

100

150

200

426

June 8, 2020 18/28



Fig. B11 427

Location of the maximum LR inferred by SweepFinder2 (2Ns = 1 000). 428

Location of the highest LR inferred by SweepFinder2 for a hard introgression sweep 429

event with selection coefficient 2Ns = 1 000. The donor species diverged from the 430

recipient species at (from top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and the 431

selective sweep ended (from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations 432

in the past. The coloured and gray parts indicate significant and non-significant test as 433

shown in Fig. B8. 434
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Fig. B12 436

Location of the maximum LR inferred by SweepFinder2 (2Ns = 100). Location 437

of the highest LR inferred by SweepFinder2 for a hard introgression sweep event with 438

selection coefficient 2Ns = 100. The donor species diverged from the recipient species at 439

(from top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and the selective sweep 440

ended (from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. The 441

coloured and gray parts indicate significant and non-significant test as shown in Fig. B8. 442

Only the central part of the simulated region is shown. 443
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Fig. B13 445

Location of the maximum LR inferred by BALLET (2Ns = 1 000). Location of 446

the highest LR inferred by BALLET for a hard introgression sweep event with selection 447

coefficient 2Ns = 1 000. The donor species diverged from the recipient species at (from 448

top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and the selective sweep ended 449

(from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. The 450

coloured and gray parts indicate significant and non-significant test as shown in Fig. B8. 451
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Fig. B14 453

Location of the maximum LR inferred by BALLET (2Ns = 100). Location of the 454

highest LR inferred by BALLET for a hard introgression sweep event with selection 455

coefficient 2Ns = 100. The donor species diverged from the recipient species at (from 456

top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and the selective sweep ended 457

(from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. The 458

coloured and gray parts indicate significant and non-significant test as shown in Fig. B8. 459

Only the central part of the simulated region is shown. 460
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Fig. B15 462

Divergence from the donor species inferred by VolcanoFinder (2Ns = 1 000, 463

hard introgression sweeps). Estimated scaled divergence parameter D̂
θ at the 464

location with the highest LR inferred by VolcanoFinder for a hard introgression sweep 465

event with selection coefficient 2Ns = 1 000. The donor species diverged from the 466

recipient species at (from top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and the 467

selective sweep ended (from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations 468

in the past. The coloured and gray parts indicate significant and non-significant test as 469

shown in Fig. B8. A vertical red line indicates the true value used in the simulations. 470
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Fig. B16 472

Divergence from the donor species inferred by VolcanoFinder (2Ns = 100, 473

hard introgression sweeps). Estimated scaled divergence parameter D̂
θ for the 474

location with the highest LR inferred by VolcanoFinder for a hard introgression sweep 475

event with selection coefficient 2Ns = 100. The donor species diverged from the 476

recipient species at (from top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and the 477

selective sweep ended (from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations 478

in the past. The coloured and gray parts indicate significant and non-significant test as 479

shown in Fig. B8. A vertical red line indicates the true value used in the simulations. 480
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Fig. B17 482

Selection strength inferred by VolcanoFinder (2Ns = 1 000, hard 483

introgression sweeps). Estimated scaled selection parameter − log10(α̂) at the 484

location with the highest LR inferred by VolcanoFinder for a hard introgression sweep 485

event with selection coefficient 2Ns = 1 000. The donor species diverged from the 486

recipient species at (from top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and the 487

selective sweep ended (from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations 488

in the past. The coloured and gray parts indicate significant and non-significant test as 489

shown in Fig. B8. A vertical red line indicates the true value used in the simulations. 490
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Fig. B18 492

Selection strength inferred by VolcanoFinder (2Ns = 100, hard introgression 493

sweeps). Estimated scaled selection parameter − log10(α̂) for the location with the 494

highest LR inferred by VolcanoFinder for a hard introgression sweep event with 495

selection coefficient 2Ns = 100. The donor species diverged from the recipient species at 496

(from top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and the selective sweep 497

ended (from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. The 498

coloured and gray parts indicate significant and non-significant test as shown in Fig. B8. 499

A vertical red line indicates the true value used in the simulations. 500
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Fig. B19 502

Performance curves to detect balancing selection. Rejection rates of BALLET 503

(solid lines) and VolcanoFinder (dashed lines) for different starting time of balancing 504

selection Ts under three demographic scenarios (see Fig. B2). Black: constant 505

population size; blue: population growth; red: bottleneck. Gray area: the rejection rate 506

is not higher than the false positive rate. In all cases, the test statistics is the highest 507

LR value in the simulated 200 kb alignment. 508

●

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False positive rate

R
ej

ec
tio

n 
ra

te

Ts = 1.25

●

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False positive rate

R
ej

ec
tio

n 
ra

te

Ts = 5

●

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False positive rate

R
ej

ec
tio

n 
ra

te

Ts = 8.27

●

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False positive rate

R
ej

ec
tio

n 
ra

te

Ts = 12.5

●

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False positive rate

R
ej

ec
tio

n 
ra

te

Ts = 16.25

●

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

False positive rate

R
ej

ec
tio

n 
ra

te

Ts = 20

509

June 8, 2020 27/28



References

1. Ewens WJ. Mathematical population genetics. vol. 9 of Biomathematics. Berlin,
Heidelberg, New York: Springer-Verlag; 1979.

2. Staab PR, Metzler D. coala: an R framework for coalescent simulation.
Bioinformatics (Oxford, England). 2016;32:1903–1904.
doi:10.1093/bioinformatics/btw098.

3. Ewing G, Hermisson J. MSMS: a coalescent simulation program including
recombination, demographic structure and selection at a single locus.
Bioinformatics. 2010;26(16):2064–2065. doi:10.1093/bioinformatics/btq322.

4. Huber CD, DeGiorgio M, Hellmann I, Nielsen R. Detecting recent selective sweeps
while controlling for mutation rate and background selection. Mol Ecol.
2016;25(1):142–156. doi:10.1111/mec.13351.

5. DeGiorgio M, Lohmueller KE, Nielsen R. A model-based approach for identifying
signatures of ancient balancing selection in genetic data. PLoS Genet.
2014;10(8):e1004561. doi:10.1371/journal.pgen.1004561.

6. Tajima F. Statistical method for testing the neutral mutation hypothesis by DNA
polymorphism. Genetics. 1989;123(3):585–595.

June 8, 2020 28/28


