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Abstract 1 

Hybrid zones typically form as a result of species coming into secondary contact, but can also be 2 

established in situ as an ecotonal hybrid zone, a situation which has been reported far less frequently. 3 

An altitudinal hybrid zone on Mount Etna between two ragwort species (the low elevation Senecio 4 

chrysanthemifolius and high elevation S. aethnensis) could potentially represent either of these 5 

possibilities. However, a scenario of secondary contact versus speciation-with-gene-flow has not been 6 

explicitly tested. Here we test these alternatives and demonstrate that the data do not support 7 

secondary contact. Furthermore, we report that the previous analyses of speciation history of these 8 

species were based on admixed populations, which has led to inflated estimates of ongoing, 9 

interspecific gene flow. Our new analyses, based on ‘pure’ S. aethnensis and S. chrysanthemifolius 10 

populations, reveal gene exchange of less than one effective migrant per generation, a level low 11 

enough to allow the species to accumulate neutral, genome wide differences. Overall, our results are 12 

consistent with a scenario of speciation-with-gene-flow and a divergence time which coincides with the 13 

rise of Mt. Etna to altitudes above 2000m (~150KY). Further work to quantify the role of adaptation to 14 

contrasting environments of high and low altitudes will be needed to support the scenario of recent 15 

ecological speciation in this system. 16 
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Introduction 17 

Climatic or geological changes can drastically alter environments and threaten a species’ existence, 18 

but they can also create new ecological opportunities. Adaptation to newly emerged niches can 19 

stimulate populations to diverge and become reproductively isolated (Schluter 2001). This model of 20 

“ecological” speciation is well established - drawing on Darwin’s concept of new species formation 21 

“by means of natural selection”. Species that evolve in this way may remain in contact and exchange 22 

genetic material, but few cases of clear-cut ecological speciation in the face of gene flow have been 23 

characterised (Arnegard et al. 2014; Ravinet et al. 2016; Schluter 2009; Soria-Carrasco et al. 2014). 24 

In situations where the incipient species are not isolated, active sharing of genetic material 25 

between the populations opposes their gradual divergence. On the other hand, local adaptation can 26 

promote divergence, but only of traits and genes that are directly involved in local adaptation or are 27 

in tight physical linkage with such traits/genes. Thus, one may expect that genes under 28 

divergent/disruptive selection should be less prone to interspecific gene flow, compared to the rest 29 

of the genome, generating a mosaic of divergent and non-divergent regions (Feder et al. 2012; Wu 30 

2001). Widespread heterogeneity in genomic differentiation has, indeed, been reported for several 31 

species (Poelstra et al. 2014; Renaut et al. 2012; Turner et al. 2005). It remains unclear, however, 32 

how such genomic mosaics proceed to the genome-wide divergence that is observed once 33 

speciation is complete (Feder & Nosil 2010; Flaxman et al. 2012; Via 2012). Situations in which 34 

reproductive isolation is not complete facilitate research into this process, as the interaction 35 

between selection, genetic divergence and reproductive barriers (both intrinsic and extrinsic) can be 36 

studied while divergence is taking place. Well studied examples of ecological speciation despite 37 

ongoing gene flow in animals include: marine/freshwater and limnetic/benthic ecotypes of the three-38 

spine stickleback (Arnegard et al. 2014); host plant ecotypes in the phytophagous walking stick 39 

insect Timema cristinae (Soria-Carrasco et al. 2014) and divergent ecotypes in different tidal zones 40 

in the marine snail Littorina saxatilis (Johannesson et al. 1995; Ravinet et al. 2016). In plants, 41 

ecological speciation has been reported in dune/non-dune ecotypes of Helianthus (Andrew & 42 

Rieseberg 2013), coastal and inland forms of Mimulus guttatus (Lowry & Willis 2010) and in a 43 

number of species on Lord Howe Island (Papadopulos et al. 2013). 44 

An emerging model of potential ecological speciation with gene flow in plants is the pair of 45 

recently diverged diploid (Comes & Abbott 2001) species of Senecio on Mount Etna in Sicily. 46 

Senecio aethnensis Jan ex DC. is found at high altitudes on Mt. Etna (>2000m), whereas S. 47 

chrysanthemifolius Poir. is largely confined to the volcano’s lower slopes (<1000m; (Brennan et al. 48 

2009)). Both species are pollinated by generalist insect pollinators and the seeds have parachute-49 

like pappi, increasing the potential for dispersal and hybridisation (Brennan et al. 2009). At 50 

intermediate altitudes the two species form a stable hybrid zone (Chapman et al. 2005; James & 51 

Abbott 2005), where phenotypic traits that distinguish the two species show a range of intermediate 52 

phenotypes that tracks an altitudinal gradient (Brennan et al. 2009; James & Abbott 2005). The 53 

main habitats of the species are vastly different and vary in many environmental factors that are 54 

correlated with altitude (temperature, solar radiation, proportion of UVB radiation and partial 55 

pressures of atmospheric gases) (Korner 2007) and possibly many other variables (e.g. water 56 
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availability, soil composition, pollinator availability, herbivore presence, interspecific competition, 57 

frost etc (James & Abbott 2005; Ross 2010)). As expected from the physiological constraints 58 

imposed by their respective habitats, there is evidence for divergent selection between the species. 59 

Phenotypic and molecular cline centres are displaced, indicating a role of selection in cline 60 

maintenance and of the different ecological optima for each trait (Brennan et al. 2009; Brennan et 61 

al. 2013). In greenhouse conditions, germination temperature-limits are correlated with the altitude 62 

of the source population (Ross et al. 2012). The species are interfertile (Chapman et al. 2005), but 63 

there is evidence of modest levels of reproductive isolation in terms of intrinsic genomic 64 

incompatibilities (Brennan et al. 2014; Chapman et al. 2016), flowering time difference, and 65 

environmental selection against immigrants (Brennan et al. 2009; Ross 2010). 66 

Previous population genetic reconstructions of the demographic history of Senecio speciation on 67 

Mt. Etna (Chapman et al. 2013; Muir et al. 2013; Osborne et al. 2013) have consistently reported 68 

high interspecific gene flow and relatively recent (<200 KYA) divergence times, regardless of the 69 

type of markers used. Strikingly, estimates of divergence time coincide with the timing of the growth 70 

of Mt. Etna to the elevations which delineate the species’ ranges today (Osborne et al. 2013). 71 

However, it is possible that these studies underestimated the level of divergence and overestimated 72 

levels of gene flow due to the locations at which plant material representing the two species was 73 

sampled (Abbott & Brennan 2014). Phenotypically, the lower and higher altitude samples from 74 

previous studies (750- 870m and 2036-2471m, respectively) corresponded to ‘pure’ S. 75 

chrysanthemifolius and S. aethnensis (Figure 1). However, these populations may be admixed at 76 

the genetic level. This is most likely to be a problem for the high altitude S. aethnensis populations 77 

as these were sampled from half a kilometre below the boundary for ‘pure’ S. aethnensis 78 

established from previous admixture analysis of 26 RAPD/ISSR markers (Abbott & Brennan 2014; 79 

James & Abbott 2005). On the other hand, S. chrysanthemifolius populations used in the previous 80 

studies come from the proposed ‘pure’ range of that species. Still, there remains a possibility that 81 

sampling from the very top and the very bottom of the species range would lead to lower estimates 82 

of interspecific gene flow and higher estimates of the divergence time. Furthermore, it remains 83 

unknown whether the two species have always exchanged genes since their divergence, or if there 84 

was a period of complete geographic isolation during which speciation took place followed by more 85 

recent secondary contact. The previous studies (Chapman et al. 2013; Muir et al. 2013; Osborne et 86 

al. 2013) have not explicitly tested for the possibility of secondary contact, implicitly assuming that 87 

given the species divergence is very recent, any allopatric phases in their history were very brief 88 

and unimportant for their divergence. This is a critical issue as a significant period of allopatry would 89 

cast doubt on claims that the Mt. Etna Senecio have evolved as a result of ecological speciation. If 90 

intrinsic reproductive barriers (Brennan et al. 2014; Chapman et al. 2016) emerged during an 91 

allopatric phase, speciation could have been initiated without any direct influence of divergent 92 

selection. Conversely, if speciation did take place in the face of ongoing gene flow, it remains likely 93 

that divergent selection has directly lead to the onset of reproductive isolation (Seehausen et al. 94 

2014; Smadja & Butlin 2011). 95 

To clarify the demographic history of S. chrysanthemifolius and S. aethnensis speciation we 96 
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collected DNA polymorphism data for the populations of these species from the bottom (<600m) 97 

and the very top (>2500m) of the species ranges on Mt. Etna, using the so called “nextRAD” 98 

(Russello et al. 2015)  ̶  a primer based alternative to restriction site-associated DNA sequencing 99 

(RADseq) that is less prone to errors introduced by restriction enzyme based protocols, such as 100 

RADseq (Arnold et al. 2013). We demonstrate that samples from the extremes of the altitudinal cline 101 

are indeed less admixed than the S. chrysanthemifolius and S. aethnensis samples from the 102 

altitudes sampled previously (Chapman et al. 2013; Muir et al. 2013; Osborne et al. 2013). The 103 

estimation of species demography using these relatively ‘pure’ samples confirms that these species 104 

have split relatively recently and have actively exchanged genes ever since, providing additional 105 

support for the ecological speciation scenario. 106 

 107 

Methods 108 

For population genetic analyses, healthy leaf tissue was collected from two wild population of S. 109 

aethnensis and two populations of S. chrysanthemifolius (Table 1). The later were sampled in the 110 

‘pure’ range of S. chrysanthemifolius at the lower end of Mt. Etna altitudinal cline (between 500 and 111 

700 meters above sea mean level). One of the two S. aethnensis populations was sampled from the 112 

‘pure’ range of that species at >2500m, while the second population was from lower altitude 113 

(~2000m) to match the S. aethnensis samples analysed in the previous study (Chapman et al. 114 

2013). Upon collection the leaves were photographed and dried in the silica gel for DNA extraction. 115 

The photographs of 4 to 8 leaves per plant were taken to measure leaf perimeter and leaf area using 116 

ImageJ (Schneider et al. 2012). The leaf perimeter to area ratio calculated for each leaf was 117 

averaged across all leaves per plant. 118 

Genomic DNA was extracted from dry leaf material using a modified CTAB protocol (Doyle & 119 

Doyle 1990), and cleaned using Qiagen DNAeasy mini spin columns. Preparation of nextRAD 120 

libraries (Russello et al. 2015) and single end Illumina sequencing (150b) was conducted by 121 

SNPsaurus (Oregon, USA). Raw reads were processed and aligned using Stacks v1.34 (Catchen 122 

et al. 2011). The process_radtags program was used to remove reads containing ambiguous base 123 

calls (Ns) and low quality reads. To create a reliable de novo catalogue of loci/haplotypes, all 124 

individuals were analysed with a minimum stack depth of 15 (-m option), distance between stacks 125 

of 2 (-M) and distance between loci of 2 (-n), removing highly repetitive stacks. Using this catalogue 126 

as a reference, all individuals were then genotyped using a minimum stack depth of 3 with 127 

haplotype verification. 128 

SNPs with less than 20% missing genotypes were loaded into ProSeq3 (Filatov 2009) to obtain 129 

basic descriptive statistics and to generate input files for downstream analyses in Structure (Falush 130 

et al. 2003), Arlequin (Excoffier et al. 2005) and dadi (Gutenkunst et al. 2009). The program 131 

Structure was used to assess the clustering of individuals according to their population and species 132 

of origin. The distribution of genetic variation between different hierarchical levels of population 133 

structure was analysed with AMOVA, as implemented in Arlequin; statistical significance was 134 

evaluated by conducting 10,000 random permutations. 135 

For demographic inference and visualisation of 2-dimensional site frequency spectra (2D-SFS) 136 
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we used the dadi package (Gutenkunst et al. 2009). In the absence of an outgroup to establish the 137 

ancestral state for each SNP, we used a ‘folded’ frequency spectrum for which all SNPs with 138 

frequency x and n - x (where x is SNP frequency and n is sample size) were pooled together. The 139 

analyses were conducted for all possible pairs of S. chrysanthemifolius and S. aethnensis 140 

populations (Table S1). Following the recommendation in the dadi manual, the sample sizes for 141 

each of the populations were ‘projected down’ to include 16 to 20 alleles per population to account 142 

for missing data. 143 

Initially we conducted an exploratory analysis using a set of models of different complexity to find 144 

the simplest model that adequately describes the data. We started with a relatively parameter rich 145 

model, IMpre, that allows for population size changes before and after species split. We then 146 

progressively excluded free parameters as long as there was no significant reduction in the fit of the 147 

model to data. IMpre has eight free parameters (Figure 2A): time of population size change before 148 

the species split (Tb), population size before the species split (Nb), relative size of populations 149 

during species split (s), time of species split (Ts), modern population size of species 1 and 2 (N1 and 150 

N2) and effective migration rates in two directions (M1 and M2). Effective migration rates are equal to 151 

m - the fraction of individuals each generation in population 1 that are new migrants from population 152 

2, times the effective population size of the ancestral population (i.e. M = 2Nam). Fixing the 153 

parameters at specific values allowed us to test demographic hypotheses using likelihood ratio 154 

tests. For example, by fixing migration rates at zero, we tested whether non-zero migration 155 

improved model fit to the data. Replicate runs with perturbed starting parameters (perturb_params 156 

function in dadi) were used to ensure the analysis reached the global maximum. To evaluate the 157 

robustness of the parameter estimates, we used 300 bootstrap replicates of the data, generated by 158 

ProSeq3 (Filatov 2009). The model was fitted to each of these replicates, parameters estimated 159 

and the confidence intervals calculated as E ± 1.96σ, where E is the likelihood parameter estimate 160 

and σ is standard deviation for the parameter across the bootstrap replicates. Plotting of observed 161 

and modelled 2D-SFSs was done with plot_2d_comp_multinom command in dadi package. 162 

Loglikelihood profiles were generated by varying the parameter of interest while keeping all other 163 

parameters in the model at best parameter estimates for the given model. Loglikelihood values for 164 

each value of the model parameter of interest were recorded. 165 

In addition to the standard set of dadi models we implemented two extensions for the standard 166 

split_migr model. The first extension, split_migr2, allowed for different migration rates in two 167 

directions (Figure 2B). This model was used in a likelihood ratio test with the standard split_migr 168 

model to test for significance of difference in migration rates in two directions. Another extension of 169 

the split_migr model allowed for varying migration rate over time since the species split. The 170 

standard models in dadi assume constant migration. To account for the possibility of secondary 171 

contact or varying rate of migration over time we implemented an additional model, splitExpMigr, 172 

that is an extension of the standard split_migr model, but allows the migration rate after split to 173 

change exponentially over time after species split (Figure 2C). Similar to split_migr, splitExpMigr 174 

model assumes a species (or population) split at time (Ts) into two populations of constant 175 

population sizes (N1 and N2 for the two species) and equal migration in both directions (parameter 176 

Page 6 of 42Molecular Ecology



M in split_migr). To allow for migration change over time splitExpMigr includes two migration 177 

parameters, migration immediately after the split (Msplit) and migration at present (Mpresent). Thus, in 178 

total splitExpMigr includes five parameters: Ts, N1 and N2, Msplit and Mpresent. Coalescent simulations 179 

for the secondary contact model were conducted in ms (Hudson 2002) with the following command 180 

line matching the sample sizes populations C1 and A2 (ms 38 1000 -t 300.0 -I 2 20 18 0.5 -em 0.1 181 

1 2 0 -ej 1.0 1 2). The simulated samples were loaded in dadi and analysed with the splitExpMigr 182 

model. 183 

The demographic history of the two species was further assessed using the composite-likelihood 184 

approach implemented in fasctsimcoal2 (Excoffier et al. 2013). To find the global maximum, 185 

parameters values were estimated from the 2D-SFS 50 times for each of ten models and the best 186 

fitting model was determined from the Akaike Information Criterion (AIC) for the set of parameter 187 

values with the best fit for each model (Table S2). For the best-fitting model, 95% confidence 188 

intervals were estimated by non-parametric bootstrapping (100 simulated datasets, with 10 rounds 189 

of parameter estimation for each simulation). Models were calibrated using the Asteraceae per 190 

generation mutation rate of 1.0x10-8 mutations per site (Strasburg & Rieseberg, 2008). Three sets 191 

of models were assessed. The simplest model (DivNoM) has 4 parameters and describes an 192 

ancestral population of size Na that splits into two descendent populations of size N1 and N2 at time 193 

T0 with no migration. DivNoM was extended to an isolation-with-migration model (IM) by allowing 194 

asymmetrical migration between the descendent populations following divergence (6 parameters). 195 

Three further models were developed form the basic IM model by including two periods of differing 196 

levels of migration between the descendent populations: The IM2R8S model (Figure 2D) permitted 197 

different migration rates in two time periods (T0 - T1 and T1 – Present; 9 parameters in total); The 198 

IMSTOPS model allowed migration between T0 and T1 but no migration between T1 and the present 199 

(7 parameters in total); and the IML8M model did not allow migration between T0 and T1, but 200 

migration was permitted between T1 and the present (i.e. a secondary contact model; 7 parameters 201 

in total). These five models were then extended by adding two extra parameters to each model to 202 

allow exponential population size change in each of the species between T0 and the present. This 203 

brought the total number of models we implemented and analysed in fasctsimcoal2 to ten (Table 204 

S2), with five of the models assuming constant population size (DivNoM, IM, IM2R8S, IMSTOPS, 205 

IML8M) and five models allowing exponential population size change following species split 206 

(DivNoM_GR, IM_GR, IM2R8S_GR, IMSTOPS_GR, IML8M_GR). 207 

 208 

Results 209 

To investigate S. aethnensis and S. chrysanthemifolius speciation and hybridisation, we analysed 210 

phenotypic and molecular diversity in two low altitude and two high altitude populations of Senecio 211 

from Mt. Etna (Table 1) and explored the evolutionary history of the species using demographic 212 

modelling. 213 

 214 

Phenotypes 215 

The analysis of phenotypic differences between the Senecio populations was focused on the most 216 
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conspicuous trait that varies along the altitudinal Senecio gradient on Mt Etna – leaf shape. The 217 

‘pure’ S. aethnensis and S. chrysanthemifolius plants have non-dissected and highly dissected 218 

leaves, respectively (Figure 1). Plants from the hybrid zone at intermediate elevation display a range 219 

of intermediate phenotypes (Brennan et al. 2012; Brennan et al. 2009). We measured the leaf 220 

perimeter to leaf area ratio to ensure that the measure of leaf serration is normalised by leaf size. As 221 

expected, this ratio was much higher in the two low altitude populations that have more dissected 222 

leaves, compared with the high altitude samples (Table 1). All pairwise population comparisons 223 

demonstrate significant differences in leaf shape both within and between the species (F-tests, P < 224 

0.001). Consistent with the previous reports of a phenotypic cline in leaf shape (Brennan et al. 225 

2009), the lowest S. chrysanthemifolius population (C1, Table 1) had most dissected leaves of all, 226 

but contrary to the cline expectation, the S. aethnensis population growing at around 2000m (A1, 227 

Table 1) had lower perimeter to area ratio than the samples of that species from above 2500m 228 

(population A2, Table 1). However, the differences between the two sampled populations within 229 

each species are very small, compared with the interspecific differences. 230 

 231 

Genetic polymorphism and differentiation 232 

Overall we generated 72.9 million reads distributed among 200,657 RAD tags; per individual 233 

coverage ranged from 23.8 to 118.3. After single nucleotide polymorphism (SNP) calling and filtering 234 

(see methods) we included 6726 SNPs. Between 2012 and 2831 of the SNPs were polymorphic 235 

within each population (Table 1). The overall level of sequence diversity was higher in S. aethnensis 236 

populations (Table 1), consistent with previous reports (Chapman et al. 2013). 237 

The majority of DNA diversity (41.9%) was distributed within individuals (heterozygosity), which 238 

is unsurprising given that a self-incompatibility system operates in Senecio (Hiscock 2000). 239 

Divergence between the two species is the second largest source of overall diversity (40.4%), 240 

while the contribution of inter-population differences within each species is very low (2.1%; Table 241 

2). Accordingly, population differentiation analysis also revealed low levels of population 242 

differentiation within each species (Fst < 0.05; Table 3). Given the high level of hybridisation at 243 

intermediate altitudes, the finding that both population differentiation (Fst) and net sequence 244 

divergence (Da) were considerably higher for interspecific pairwise population comparisons was 245 

unexpected (Table 3). All pairwise population comparisons within and between the species were 246 

significant regardless of the statistic used (P < 0.001). While the sampled individuals readily 247 

clustered according to their species assignment (Figure 3A), no clear clustering by population of 248 

origin was observed within the species (Figure 3B and C). Our Structure results were consistent 249 

with previous delimitation of ‘pure’ and admixed populations of the two species (Brennan et al. 250 

2009; James & Abbott 2005): both S. chrysanthemifolius populations and the higher altitude S. 251 

aethnensis population (A2) were almost completely free of admixed individuals, while among the 252 

individuals in the lower S. aethnensis population (A1) 90% displayed minor admixture (Figure 3A). 253 

 254 

Demographic modelling 255 

To reconstruct the demographic changes that have occurred during the speciation of S. aethnensis 256 

and S. chrysanthemifolius and infer the timing of the divergence event we explored models of 257 
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population splitting with migration (Figure 2), as implemented in dadi (Gutenkunst et al. 2009) and 258 

fastsimcoal2 (Excoffier et al. 2013). This method compares the observed site frequency spectrum 259 

(SFS) to that expected given a specific population split demographic model (Figure 4) in order to 260 

estimate model parameters and assess the likelihood of the observed data given the model. The 261 

analyses were focused on for the ‘pure’ populations from the extremes of the altitudinal cline (C1 262 

and A2; Table 4). Due to computational restrictions only dadi was used for testing all other possible 263 

pairs of S. aethnensis and S. chrysanthemifolius populations (Table S1; Figure S1). 264 

The most complex dadi model applied here (IMpre) included eight free parameters and allowed 265 

for population size change, both before and after divergence, as well as permitting different 266 

migration rates for each direction of migration (Figure 2A). This model fitted the data well, except a 267 

slight excess of low-frequency polymorphisms in the observed frequency spectrum of both species, 268 

compared to that predicted by the model (Figure 4). Using likelihood ratio tests on the nested 269 

models, the analyses revealed that a much simpler species split model with no population size 270 

changes fits the data equally well for the populations from the highest (A2) and lowest (C1) 271 

elevations (Table 4). Furthermore, separate migration rates do not differ to a great extent (Figure 5). 272 

An alternative model with a single migration parameter (split_mig) does not have noticeably lower 273 

likelihood than the models with two migration parameters (Table 4). The estimated time of species 274 

split (T = 1.3 bootstrap CI: 0.07 to 2.24) is expressed in units of 2Na generations, where Na is 275 

ancestral population size. To convert this to years one needs to assume a plausible value of Na and 276 

the number of generations per year. Assuming Na = 100,000 and 0.5 generations per year (see 277 

discussion), the two species diverged 128.3 (bootstrap CI: 7.6 to 249.1) thousand years, which 278 

roughly falls in the range of the estimates reported previously (Chapman et al. 2013; Muir et al. 279 

2013; Osborne et al. 2013). IM model implemented in fastsimcoal2 model is similar to the dadi 280 

split_migr2 model, except that IM includes ancestral population size as a parameter and 281 

fastsimcoal2 estimates Na = 33,989 (Table S2). The best-fitting model, IM2R8S, estimates Na = 282 

413,191 (Table 5), but the confidence interval is fairly wide (95%CI: 122,827 to 465,594) and it is 283 

clear that estimates of this parameter are highly variable between the models (Table S2), making it 284 

problematic to use fastsimcoal2 Na estimates as a basis for rescaling parameters in dadi models. 285 

Parameter estimates in dadi models did vary for other population pairs, but for all model types 286 

and populations used, fixing gene flow parameters to zero significantly reduced the fit of the 287 

models to data (Table S1). This confirms that gene flow between S. aethnensis and S. 288 

chrysanthemifolius has been a feature of their evolution. Using the populations from the highest 289 

and lowest elevations (A2 and C1) reveals modest level of interspecific introgression (M = 0.3 290 

bootstrap CI: 0.19 to 0.41), while using lower altitude S. aethnensis population (A1) with either of 291 

the two S. chrysanthemifolius populations leads to higher gene flow estimates (Table S1). On the 292 

other hand, the estimated timing of speciation was robust to the choice of the populations for 293 

analysis and consistently points to a relatively recent origin of these species (~2.5Na generations 294 

ago Table S1). The estimate of species split time in the best fitting IM2R8S fastsimcoal2 model is 295 

consistent with this conclusion (Ts = 126,407 generations ago, 95%CI: 102,642 to 306,413). 296 

To test the alternative scenario of allopatric divergence followed by more recent hybrid zone 297 
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formation and gene flow, we implemented a splitExpMigr model in dadi, where the migration rate is 298 

allowed to vary exponentially over time (Figure 2C). The splitExpMigr model includes two migration 299 

parameters that describe the migration rate directly after species split (Msplit) and the migration rate 300 

in the present (Mpresent). If hybridisation between two species started recently, then the estimate of 301 

Msplit  is expected to be much lower than that for Mpresent. However, the estimates for the two 302 

migration parameters are very similar (Msplit = 0.25 bootstrap CI: 0 to 0.545; Mpresent = 0.30 bootstrap 303 

CI: 0.221 to 0.446) and the exponential migration model does not have a better fit than the model 304 

with a single migration parameter for the populations from the highest and lowest elevations (A2 305 

and C1; Table 4 and Figure 6A). This lack of support for a period of allopatry following the species 306 

split does not appear to be due to lack of power, as the log-likelihood drops rapidly for lower values 307 

of Msplit (Figure 6A). Furthermore, this model was capable of detecting recent secondary contact 308 

based on simulated data (Figure 6B). In addition to splitExpMigr model, we implemented a set of 309 

fastsimcoal2 models allowing for a step-wise change in migration rate. The best-fitting of these 310 

models, IM2R8S, includes four migration parameters to account for different migration rates in two 311 

directions before and after the step-wise migration change (Figure 2D). That model indicates 312 

relatively high migration following speciation ~126k generations ago, and a sharp drop in migration 313 

later on (Table 5), which is the opposite to the expectations of the secondary contact scenario and 314 

is consistent with a scenario of ecological speciation with gene flow. 315 

 316 

Discussion 317 

Our results are consistent with the divergence of Senecio on Mt. Etna as a recent instance of 318 

speciation with gene flow along an elevational gradient. Demographic analysis of populations of 319 

each species from the extremes of the distribution, suggest that gene flow across the hybrid zone 320 

has been less extensive than previously thought and is likely to have decreased substantially since 321 

divergence took place. Nevertheless, our results confirm that there is likely to have been continuous 322 

genetic exchange and migration throughout their evolutionary history. Current levels of migration are 323 

sufficiently low to permit neutral differentiation of the species, suggesting the evolution of 324 

reproductive isolation in the face of high gene flow between the species may have been a rapid 325 

process. Given the weight of evidence implicating divergent selection in the evolution of RI between 326 

the species it remains highly likely that this represents one of the few well-documented cases of 327 

ecological speciation with gene flow in plants. 328 

Geographically, S. aethnensis is endemic to the upper slopes of Mount Etna, whereas S. 329 

chrysanthemifolius is found only on or around Mount Etna (Alexander 1979). As might be 330 

expected from the species’ geographic context, they have been found to be sister species using 331 

multiple phylogenetic approaches based on genome-wide datasets (Osborne et al., 2016). 332 

Furthermore, there is both phenotypic (Brennan et al. 2009; Ross et al. 2012), and molecular 333 

(Brennan et al. 2009; Chapman et al. 2013; Muir et al. 2013) evidence for divergent selection 334 

between the species. Previous work had suggested that, despite the species’ considerable 335 

phenotypic divergence, they diverged recently, in concert with the growth of Mount Etna, and 336 

that there had been gene flow since their split (Chapman et al. 2013; Muir et al. 2013; Osborne 337 
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et al. 2013). The demographic analyses conducted here are consistent with continuous gene 338 

flow throughout the evolutionary history of the species, eliminating the possibility of an allopatric 339 

phase. Importantly, the simulation analyses demonstrate that it is possible to discriminate 340 

between secondary contact and speciation with gene flow events using this method. Recent 341 

demographic research has called into question “classic” cases of sympatric/parapatric speciation 342 

in cichlid fish (Martin et al. 2015). The current results provide valuable support for speciation 343 

with gene flow in plants beyond those described from Lord Howe Island (Papadopulos et al. 344 

2011). 345 

There are several possible reasons for the differences in demographic analyses of S. aethnensis 346 

and S. chrysanthemifolius speciation. Our study used the same analytical approach as in (Chapman 347 

et al. 2013), so the opposing results from the two studies must stem from the differences in the data. 348 

The results presented here indicate that the use of admixed S. aethnensis populations from below 349 

the ‘pure’ range of that species is very likely to be the major source of inflated estimates of 350 

interspecific gene flow in previous work (Chapman et al. 2013; Muir et al. 2013; Osborne et al. 351 

2013). However, our sampling of S. aethnensis population A1 from the same altitude as before 352 

(~2000m) revealed a very different frequency spectrum to that observed in (Chapman et al. 2013). 353 

In particular, the 2D-SFSs in our data (Figure 4 and S1) show a higher proportion of SNPs that are 354 

polymorphic in only one of the species and fixed in the other (irrespective of the populations 355 

included). Thus, sampling from a lower altitude does not fully account for the differences in the data. 356 

A second notable sampling difference is that (Chapman et al. 2013) sampled fewer individuals from 357 

multiple populations, while the current study focused on deeper sampling from fewer populations. 358 

This suggests that the 2D-SFS in the previous study reflects species-wide differences, while the 359 

spectra reported here incorporate the differences between the populations in addition to species 360 

differences. Given the very low levels of subdivision between the populations within each of the 361 

species (Tables 2 and 3), this is unlikely to significantly bias the analyses. 362 

The two studies also used different kinds of high-throughput sequence data. Chapman et al 363 

(2013) used transcriptome sequencing (RNA-seq) from multiple individuals, while our study 364 

employed ‘nextRAD’, and sampled more individuals. Both collect polymorphism data from a fraction 365 

of the genome, but the two approaches differ with regard to what fraction of the genome they 366 

sample. RAD (or nextRAD) yields SNPs from random genomic regions, most of which are likely to 367 

be in non-coding regions, whereas, SNPs identified and genotyped with RNA-seq are necessarily in 368 

expressed regions in or next to protein coding genes. This may make transcriptome data more 369 

prone to effects of direct or indirect selection (e.g. hitchhiking with adaptive mutations in adjacent 370 

coding sequences) than RAD data. It is unclear to what extent selection obscured the results of 371 

demographic inference in the RNA- seq-based dataset, but this effect is likely to be relatively minor, 372 

as only 4-fold degenerate sites were used in the previous study to minimise the effects of selection 373 

(Chapman et al. 2013). Furthermore, non-random sampling of genomic regions by different types of 374 

markers may be another source of discrepancies. RNA-seq SNPs are more likely to be over-375 

represented in gene-rich regions, while nextRAD-based SNPs are likely to reflect an overall 376 

genome-wide species differentiation. Chapman et al (2016) demonstrated that genes with high 377 
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interspecific differentiation cluster in the genetic map of aethnensis and S. chrysanthemifolius, 378 

though the actual physical size of these regions is unclear. If recombination in these differentiated 379 

regions is low (e.g. in pericentromeric regions or inversions), they would appear to be small in the 380 

genetic map, but actually represent a significant part of the genome. If this were the case, many of 381 

our nextRAD SNPs could come from gene-poor genomic regions with high interspecific 382 

differentiation, while RNA-seq-based SNPs used by Chapman et al (2013) would reflect lower 383 

species differentiation in the actively recombining gene-rich regions. Non- (or rarely) recombining 384 

regions tend to be gene poor and they are expected to show higher interspecific differentiation 385 

(Nachman & Payseur 2012). This could result in significant underestimation of genome-wide 386 

species divergence with SNPs genotyped by RNA-seq. Our current study, based on nextRAD, is 387 

free from this potential bias. 388 

Consistent with this, our analyses of genetic polymorphism in S. aethnensis and S. 389 

chrysanthemifolius show that the species have accumulated substantial differences in allele 390 

frequencies. In particular, about 80% of SNPs were polymorphic only in one of the populations (the 391 

very left and very bottom rows of the observed frequency spectrum on figure 4). Such a degree of 392 

divergence is not expected if the two species are actively exchanging genes. For example, with 393 

more than three effective migrants per generation, the 2D-SFS converges to that expected under 394 

the standard neutral model with no isolation between the populations (Figure 7). Thus, if gene flow 395 

between S. aethnensis and S. chrysanthemifolius were as high as reported previously (M ranging 396 

from 3 to 15; (Chapman et al. 2013), diversifying selection throughout the genome would be 397 

necessary to maintain the allele frequency differences reported in our study. Although it is 398 

theoretically possible, diversifying selection at most SNPs analysed in our study seems highly 399 

improbable. 400 

The demographic modelling framework employed in this project estimates the parameters 401 

scaled by the ancestral population size, Na, which is unknown (e.g., the time of divergence, T, is 402 

given in units of 2Na generations). Thus, the estimate of speciation time in years depends on an 403 

assumption of the ancestral population size and average generation time. As our models do not 404 

provide support for significant population size changes in S. aethnensis and S. chrysanthemifolius 405 

or their ancestor, we assumed that Na must be of similar size to the effective population sizes at 406 

present. Given that S. aethnensis is endemic to high altitudes on Mt. Etna, present population size 407 

of this species is unlikely to be large. Although S. chrysanthemifolius is more widespread than S. 408 

aethnensis, its population size appears slightly smaller than that of S. aethnensis (Tables 4 and 5). 409 

We assumed Na = 100,000, which is different to the assumption of Na = 300,000 in the previous 410 

study (Chapman et al. 2013) but both fall within or close to the 95% CI estimated by fastsimcoal2 411 

with the best fitting model. However, the previous study had to adjust for significant population size 412 

reduction prior to species split and our estimates of the current population sizes are similar to that in 413 

Chapman et al (2013). Given these assumptions, we estimate that S. aethnensis and S. 414 

chrysanthemifolius have diverged around 128 thousand years ago, which is compatible with the 415 

estimates reported previously (Chapman et al. 2013; Muir et al. 2013; Osborne et al. 2013). 416 

Assuming higher or lower Na will necessarily yield higher or lower time of species divergence. As 417 
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there is no way to obtain a more certain value for the ancestral population size, our estimate of 418 

speciation time has to be taken with caution. However, the estimate of species split time in the best 419 

fitting IM2R8S fastsimcoal2 model is close to our estimates from dadi analyses and is consistent 420 

with the previously expressed hypothesis that S. aethnensis and S. chrysanthemifolius speciated at 421 

the time when the height of Mt. Etna has risen above 2km, reaching the altitudes inhabited by 422 

modern day S. aethnensis (Osborne et al 2013). 423 

It now seems highly likely that the Mt. Etna Senecio species are an example of recent ecological 424 

speciation with gene flow. The system has many unique qualities making it an indispensable model 425 

for speciation research. Much of the recent scientific discourse regarding ecological speciation has 426 

concerned the existence and nature of genomic “islands of speciation”. These are regions of the 427 

genome that are hypothesised to contain divergently selected loci and, as a consequence, are 428 

expected to have higher divergence and lower effective gene flow than the rest of the genome. 429 

However, some authors have argued that highly differentiated regions could result from selection 430 

following divergence rather than a local reduction in gene flow caused by divergent selection, but 431 

the demographic histories of the species are often poorly understood (Cruickshank & Hahn 2014; 432 

Noor & Bennett 2009; Turner & Hahn 2010). Lying across a steep ecological cline, the well 433 

characterised hybrid zone of S. aethnensis and S. chrysanthemifolius provides opportunities to 434 

understand the genomic changes that take place during speciation. The cline is likely to infer strong 435 

divergent selection as elevational clines are correlated with many biologically important 436 

environmental characteristics (Korner 2007). By sampling across the cline, geographic and genomic 437 

cline based approaches can be used which measure gene flow at individual loci far more directly 438 

than by statistics such as FST, which are also affected by factors other than gene flow (Barton & 439 

Hewitt 1985; Gompert & Buerkle 2011). 440 

Linking ecological divergence to the emergence of reproductive isolation is a vital next step in 441 

determining the underlying causes of speciation in this system. Recent work has found evidence of 442 

a low level of intrinsic reproductive isolation between them (Brennan et al. 2014) and understanding 443 

whether this evolved as a direct consequence of ecological divergence or intrinsic reproductive (e.g. 444 

spontaneous mutation) barriers prior to ecological divergence will be crucial. If regions of the 445 

genome harbouring genomic incompatibilities also contain control ecologically important traits and/or 446 

genomic signatures of divergent selection a link between ecological divergence and reproductive 447 

isolation would be established. To this end, two significant obstacles have been overcome as a 448 

result of the research presented here. First, the sampling regime that had been called into question 449 

(Abbott & Brennan 2014) has been rectified. Second, the models applied have differentiated 450 

between a scenario of continuous gene flow since divergence as opposed to a period of isolation 451 

followed by secondary contact. In substantially bolstering the case for ecological speciation, we 452 

have laid the foundations for future research into the genomic basis of ecological speciation and the 453 

development of S. aethnensis and S. chrysanthemifolius as a major study system for evolutionary 454 

biology. 455 
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Table 1. Summary of population locations and diversity 

 
Sample Species Elevation  Location  Sample  Polym.1)  Watterson’s θ ± SD 2)  Leaf shape 3) 

ID  (meters)  Latitude  Longitude  size  SNPs  per sequence  per 1 kb   
 

C1 
 

S. chrys. 
 

587.5 
  

N37.5951 
  

E14.9793 
  

14 
  

2012 
  

632.68 ± 14.105 
  

1.1 ± 0.44 
  

0.9991 ± 0.20652 
 

C2 
 

S. chrys. 
 

706.3  
 

N37.6161  
 

E15.0320  
 

12  
 

2487  
 

823.54 ± 16.514  
 

1.5 ± 0.52  
 

0.8528 ± 0.26723 
 

A1 
 

S. aeth. 
 

2090.8  
 

N37.7072  
 

E15.0081  
 

10  
 

2221  
 

785.09 ± 16.659  
 

1.4 ± 0.52  
 

0.2164 ± 0.03792 
 

  A2  
 

S. aeth.  
 

2636.5   
 

N37.7257   
 

E15.0038   
 

16   
 

2831   
 

853.17 ± 16.035   
 

1.5 ± 0.50   
 

0.2906 ± 0.08632  

1) Out of 560,850 alignment positions analysed 6,726 positions were polymorphic in the entire dataset of 52 individuals 
 

2) Watterson’s estimator of population-scaled mutation rate, θ  (Watterson 1975) and its standard deviation (SD) calculated assuming free recombination 
 

3) Leaf shape is expressed as ratio of perimeter to area (±SD) 

Page 18 of 42Molecular Ecology



Table 2. Distribution of molecular variation at the individual, population and species levels 

 

Source of variation  Sum of Variance Percentage 

 df squares components of variation 

 

Among species 
 

1 
 

9332.577 
 

169.03091 
 

40.41 

Among populations within species 2 1058.66 8.86566 2.12 

Among individuals within populations 48 14670.84 65.26356 15.6 

  Within individuals  52  9106  175.11538  41.87  

  Total  103  34168.077  418.27552   
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Table 3. Pairwise distances between the populations. Da is above and FST is below the diagonal. All 

pairwise population comparisons revealed significant (P < 0.001) population differentiation for both 

statistics. 

 

S.  chrysanthemifolius S. aethnensis 

Populations C1  C2  A1  A2 

C1 -  21.03  294.38  376.02 

C2 0.047  -  325.627  413.41 

A1 0.397  0.383  -  24.34 

  A2  0.461   0.454   0.046   -  
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Table 4. Estimates of species split parameters and likelihood ratio tests for dadi analyses in C1 and A2 population pair. 

 

 log-  LRT1) free Nb 
2) Tb 

3) s 4) Nchr 
5) Naet 

5) Ts 
3) M1 

6) M2 
6) 

Model likelihood 2∆LL signif.? params       (chr<=aet) (chr=>aet) 

IMpre -428.76   8 1.39 0.29 0.42 0.68 0.99 1.47 0.31 0.26 

IM -429.44 1.36 NS 6 1* 1* 0.40 0.57 0.84 1.03 0.38 0.30 

IM* -429.71 0.55 NS 5 1* 1* 0.5* 0.51 0.80 0.80 0.35 0.33 

IMnoMigr -540.04 220.65 P<0.00001 3 1* 1* 0.5* 0.35 0.61 0.29 0* 0* 

 

split_migr2 
 

-428.59 
  

 

5 
 

no 
 

no 
 

no 
 

0.61 
 

0.87 
 

1.26 
 

0.33 
 

0.28 

split_migr -429.04 0.90 NS 4 no no no 0.63 0.86 1.28 M1 = M2 = 0.30 

           
 

Msplit 
7) 

 

Mpresent 
7) 

splitExpMigr -428.94   5 no no no 0.65 0.88 1.30 0.25 0.30 

  splitExpMigr* -437.65 17.42 P<0.001 4 no no no 0.49 0.68 0.55 0.0001* 0.80   

 

1) In all cases LRTs are for the comparison with the model immediately above. 

2) Nb, population size before the species split, scaled in units of Nanc 

3) The time of of species split (Ts) and population size change before the species split (Tb), scaled in units of 2Nanc generations 

4) s relative size of populations during species split 

5) Nchr and Naet are effective population sizes of the S. chrysanthemifolius and S. aethnensis at present, scaled in units of Nanc 

6) M1 and M2 are population scaled migration rates (M = 2Nancm) from S. aethnensis to S. chrysanthemifolius and in opposite direction. 

7) For splitExpMigr models the migration parameters are Msplit and Mpresent (population scaled migration at the time of species split and at 

present, respectively) in the M1 and M2 columns, respectively. 
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Table 5. Parameter estimates for the best fitting model (IM2R8S) in fastsimcoal2 analyses. 

 

Parameters Estimate Lower 95% CI Upper 95% CI Notes 

N1 12770 11398 14039 Present effective population size of S. chrysanthemifolius 

N2 18531 16482 19925 Present effective population size of S. aethnensis 

Nanc 413191 122827 465594 Ancestral effective population size 

T0 126407 102642 306413 Time of species split 

T1 60701 37432 83149 Time of step-wise migration rate change 

M1 0.24 0.18 0.29 S.chrys. => S.aet. population migration rate (2Nm) at time T1 

M2 0.21 0.16 0.24 S.chrys. <= S.aet. population migration rate (2Nm) at time T1 

M3 20.68 2.36 34.37 S.chrys. => S.aet. population migration rate (2Nm) before T1 

  M4  1.63  1.10  28.43  S.chrys. <= S.aet. population migration rate (2Nm) before T1  
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Figure 1. Leaf shapes in high and low altitude populations of Senecio on Mt. Etna. Three randomly chosen 

leaves are shown for each of the two S. chrysanthemifolius (C1 and C2) and two S. aethnensis (A1 and 

A2) populations. 
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Figure 2. Schematic representation of demographic models used. A to C panels represent the models 

implemented in dadi, while panel D shows the best fitting model in fastsimcoal2 analyses. The model 

names are given below each tree; horizontal arrows show the direction of gene flow and the width of the 

tree branch is proportional to the population size. Every model lists free parameters in black italic font. In 

dadi models the parameters are expressed in units of ancestral population size (Nancestral, or Nanc  on panels 

A-C) and Nanc  is not estimated in these models (shown in grey). A) The most parameter rich dadi model, 

IMpre, includes eight parameters. Going forward in time, the ancestral population undergoes population 

size change (Nb) at time Tb and then splits into two species with sizes sNb and (1-s)Nb, which exponentially 

grow (or decline) in size to present population sizes (N1 and N2) and exchange migrants at constant rate 

with migration rates M1 and M2. B) A simpler dadi model split_migr2 is nested within IMpre and includes 

five parameters. C) splitExpMigr model is similar to split_migr2, but it allows for gene flow to exponentially 

change over time from rate Msplit right after species split to the migration rate at present (Mpresent). 

Furthermore, splitExpMigr assumes that migration at any given time is equal in both directions. D) The 

fastsimcoal2 model IM2R8S includes nine free parameters, including four separate migration parameters 

(M1 - M4) describing migration before and after a single stepwise migration rate change at time T1. Similar 

to split_migr2 model, the population sizes of the two species following the species split at time T0 are 

constant and determined by modern population sizes (N1 and N2). Unlike the other models described 

above, ancestral population size (Nanc) is a free parameter estimated in IM2R8S model. 
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Figure 3. Clustering of samples by species (top plot) and populations within species (bottom plots), as 

revealed by Structure analysis. 
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Figure 4. Observed and expected 2-dimentional site frequency spectra (2D-SFS) for S. chrysanthemifolius 

population C1 and S. aethnensis population A2. The expected 2D-SFS (top right) was generated for IMpre 

model. The residuals for fitting expected spectrum to data (observed spectrum) are shown in bottom plots. 
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Figure 5. Likelihood profiles for the split with migration model for S. chrysanthemifolius population C1 and 

S. aethnensis population A2. Loglikelihoods are plotted for a range of values for the time of species 

divergence (A) and migration (B) parameters. Both panels are based on split_migr2 model, except the solid 

curve on the panel B, which is based on model split_migr. 
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Figure 6. Discrimination of speciation with gene flow from secondary contact. Likelihood profiles for the 

split with migration model with exponentially growing migration after species split (splitExpMigr). In the 

model equal migration in both directions starts right after species split with rate Msplit and it is allowed to 

exponentially change to rate Mpresent – migration rate at present. (A) S. chrysanthemifolius population C1 

and S. aethnensis population A2 (B) simulated species split with recent secondary contact. 
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Figure 7. Observed and expected 2D-SFS with increasing amounts of gene flow. The top left panel 

shows the observed 2D-SFS for populations C1 and A2, while the other five panels show 2D-SFSs 

expected under population split model split_migr with migration rate increasing from M = 0.3 to a 

panmictic standard neutral model. All the simulations except the bottom right panel assumed that an 

ancestral population split into two populations of the same size 2Ne generations ago, and gene flow 

between the populations (M) remained constant until the present day. The bottom right panel 

assumed a standard neutral model with no population split. 
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Figure 1. (high resolution)  
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Figure 2. (high resolution)  
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Figure 3. (high resolution)  

184x128mm (300 x 300 DPI)  

 

 

Page 32 of 42Molecular Ecology



  

 

 

Figure 4. (high resolution)  

193x151mm (300 x 300 DPI)  

 

 

Page 33 of 42 Molecular Ecology



  

 

 

Figure 5. (high resolution)  
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Figure 6. (high resolution)  
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Figure 7. (high resolution)  
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Supporting information for 

Demographic history of speciation in a Senecio altitudinal hybrid zone on Mt. Etna 

Dmitry A. Filatov, Owen G. Osborne and Alexander S. Papadopoulos 

 

Supplementary Table S1. Demographic modelling of speciation for all combinations of S. aethnensis and S. chrysanthemifolius populations using dadi. 

  log- LRT
1)

   free Nb
2)

 Tb
2)

 s
2)

 Nchr
2)

 Naet
2)

 T
2)

 M1
2)

 M2
2)

 

  likelihood 2LL signif.? theta params 

      
(chr<=aet) (chr=>aet) 

population pair: C1 and A2 
           IMpre -428.76 

  
420.30 8 1.39 0.29 0.42 0.68 0.99 1.47 0.31 0.26 

IM -429.44 1.36 NS 513.90 6 1* 1* 0.40 0.57 0.84 1.03 0.38 0.30 

IM* -429.71 0.55 NS 547.40 5 1* 1* 0.5* 0.51 0.80 0.80 0.35 0.33 

IMnoMigr -540.04 220.65 P<0.00001 647.90 3 1* 1* 0.5* 0.35 0.61 0.29 0* 0* 

              split_migr2 -428.59 
  

465.30 5 no no no 0.61 0.87 1.26 0.33 0.28 

split_migr -429.04 0.90 NS 455.52 4 no no no 0.63 0.86 1.28 M1 = M2 = 0.30 

              population pair: C1 and A1 
           IMpre -358.51 

  
464.76 8 0.89 1.05 0.90 0.54 0.71 1.10 0.29 1.15 

IM -358.54 0.06 NS 420.97 6 1* 1* 0.88 0.59 0.76 1.23 0.27 1.01 

IM* -364.56 12.04 P<0.0001 431.11 5 1* 1* 0.5* 0.62 0.61 1.13 0.35 0.92 

IMnoMigr -471.06 212.98 P<0.00001 528.95 3 1* 1* 0.5* 0.31 0.51 0.19 0* 0* 

              split_migr2 -364.82 
  

416.85 5 no no no 0.62 0.60 1.15 0.33 0.92 

split_migr -375.76 21.87 P<0.0001 415.69 4 no no no 0.52 0.70 1.13 M1 = M2 = 0.61 

              population pair: C2 and A2 
           IMpre -466.30 

  
1015.83 8 0.44 1.22 0.13 0.37 0.43 0.64 1.09 0.48 

IM -466.59 0.59 NS 513.41 6 1* 1* 0.15 0.71 0.81 1.13 0.55 0.25 

IM* -476.88 20.57 P<0.0001 486.81 5 1* 1* 0.5* 0.63 0.95 1.29 0.44 0.31 

IMnoMigr -667.32 380.88 P<0.00001 673.10 3 1* 1* 0.5* 0.37 0.56 0.26 0* 0* 

              split_migr2 -478.16 
  

496.55 5 no no no 0.56 0.82 1.19 0.49 0.29 

split_migr -482.68 9.03 P<0.01 484.40 4 no no no 0.63 0.78 1.27 M1 = M2 = 0.37 

              population pair: C2 and A1 
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IMpre -396.72 
  

450.38 8 0.83 0.62 0.18 0.76 0.49 0.70 0.76 0.49 

IM -397.11 0.78 NS 426.36 6 1* 1* 0.14 0.75 0.50 0.68 0.68 0.88 

IM* -399.01 3.81 P<0.01 361.35 5 1* 1* 0.5* 0.72 0.64 1.14 0.41 0.96 

IMnoMigr -534.84 271.66 P<0.00001 452.97 3 1* 1* 0.5* 0.41 0.51 0.18 0* 0* 

              split_migr2 -401.74 
  

338.48 5 no no no 0.70 0.64 1.39 0.39 0.94 

split_migr -411.63 19.79 P<0.0001 341.03 4 no no no 0.59 0.75 1.28 M1 = M2 = 0.64 
 

1)
 In all cases, LRTs are for the comparison with the model immediately above.  

2)
 Parameters are as in table 4. 
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Supplementary Table S2. Demographic modelling of speciation for populations C1 and A2 using fastsimcoal2. 

 

Models: DivNoM IM IM2R8S1) IMSTOPS IML8M DivNoM_GR IM_GR IM2R8S_GR IMSTOPS_GR IML8M_GR 

ln(likelihood) -28464 -28380 -28345 -28433 -28419 -28448 -28351 -28346 -28379 -28354 

AIC 56936.3 56772.5 56708.9 56879.9 56852.6 56908.9 56718.5 56713.9 56775.6 56726.6 

AIC 227.4 63.6 0.0 170.9 143.7 200.0 9.6 5.0 66.6 17.7 

Akaike weights of evidence 0.000 0.000 0.916 0.000 0.000 0.000 0.008 0.084 0.000 0.000 

Change in migration rate No No Yes Yes Yes No No Yes Yes Yes 

Population size change No No No No No Yes Yes Yes Yes Yes 

Parameter number 4 6 9 7 7 6 8 11 9 9 

Effective population sizes: 

Ancestral Ne 30638 33989 413191 108625 40001 670458 189537 299095 419407 429010 

S. chrysanth. Ne present 11153 11638 12770 9397 11138 21583 13423 13253 16956 14298 

S. aethnensis Ne present 15823 15905 18531 17285 14862 26321 21571 18362 20031 24973 

S. chrysanth. Ne at time T0 -2) - - - - 133271 12929 81418 287734 30638 

S. aethnensis Ne at time T0 - - - - - 118926 91535 18359 91380 97422 

Time (generations): 

species split (T0) 156060 334320 126407 205154 31558 12600 84813 287314 43547 29401 

migration change (T1) - - 60701 6457 25613 - - 67431 3125 28901 

Migration rates (m x10-5): 

aet. to chr. (T0 to present) - 0.697 - - - - 0.739 - - - 

chr. to aet. (T0 to present) - 0.663 - - - - 0.755 - - - 

aet. to chr. (T0 to T1) - - 6.398 4.334 - - - 47.035 0.706 - 

chrys. to aet. (T0 to T1) - - 55.809 1.012 - - - 100.44 1.69524 - 

aet. to chr. (T0 to present) - - 0.804 - 0.769 - - 0.852 - 0.706 

     chr. to aet. (T0 to present) -   -   0.646   -   0.726   -   -   0.629   -   0.593   

1) The best fitting model is shown in bold. 
 

2) For models with no population size change Ne at present and at time T0 is the same (single Ne parameter per species). 
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Supplementary Figure S1. Observed and expected 2-dimentional site frequency spectra (2D-SFS) 

for population pairs C1/A1, C2/A1 and C2/A2. The expected 2D-SFS (top right) was generated for 

IMpre model. The residuals for fitting expected spectrum to data (observed spectrum) are shown in 

bottom plots. 
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