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Morphologically similar species, that is cryptic species, may be similar or quasi-similar
owing to the deceleration of morphological evolution and stasis. While the factors
underlying the deceleration of morphological evolution or stasis in cryptic species remain
unknown, decades of research in paleontology on punctuated equilibrium have originated
clear hypotheses. Species are expected to remain morphologically identical in scenarios of
shared genetic variation, such as hybridization and incomplete lineage sorting, or in
scenarios where bottlenecks reduce genetic variation and constrain the evolution of
morphology. Here, focusing on three morphologically similar Stygocapitella species, we
employ a whole-genome amplification method (WGA) coupled with double-digestion
restriction-site associated DNA sequencing (ddRAD) to reconstruct the evolutionary history
of the species complex. We explore population structure, use population-level statistics to
determine the degree of connectivity between populations and species, and determine the
most likely demographic scenarios which exclude evidence for recent hybridization. We
find that the combination of WGA and ddRAD allowed us to obtain genomic-level data from
microscopic eukaryotes (~1 millimetre) opening up opportunities for those working with
population genomics and phylogenomics in such taxa. The three species share genetic
variance, likely from incomplete lineage sorting. We speculate that the degree of shared
variation might underlie morphological similarity in the Atlantic species complex.
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24 Abstract

25 Morphologically similar species, that is cryptic species, may be similar or quasi-similar owing to 
26 the deceleration of morphological evolution and stasis. While the factors underlying the 
27 deceleration of morphological evolution or stasis in cryptic species remain unknown, decades of 
28 research in paleontology on punctuated equilibrium have originated clear hypotheses. Species are 
29 expected to remain morphologically identical in scenarios of shared genetic variation, such as 
30 hybridization and incomplete lineage sorting, or in scenarios where bottlenecks reduce genetic 
31 variation and constrain the evolution of morphology. Here, focusing on three morphologically 
32 similar Stygocapitella species, we employ a whole-genome amplification method (WGA) 
33 coupled with double-digestion restriction-site associated DNA sequencing (ddRAD) to 
34 reconstruct the evolutionary history of the species complex. We explore population structure, use 
35 population-level statistics to determine the degree of connectivity between populations and 
36 species, and determine the most likely demographic scenarios which exclude evidence for recent 
37 hybridization. We find that the combination of WGA and ddRAD allowed us to obtain genomic-
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38 level data from microscopic eukaryotes (~1 millimetre) opening up opportunities for those 
39 working with population genomics and phylogenomics in such taxa. The three species share 
40 genetic variance, likely from incomplete lineage sorting. We speculate that the degree of shared 
41 variation might underlie morphological similarity in the Atlantic species complex.
42

43 Introduction

44 The characterization and delimitation of species and populations using DNA sequencing 

45 and barcoding has led to the discovery of ‘hidden species diversity’ in previously established 

46 species (Knowlton 1993; Bickford et al. 2007; Pfenninger and Schwenk 2007; Struck et al. 2018). 

47 The initial interest in this hidden diversity, that is cryptic species, fuelled a debate on whether these 

48 lineages resulted from biases of a morphologically oriented classification of biodiversity or 

49 whether they could result from underlying biological phenomena. On one side, proponents of the 

50 “artefact model” suggest that populations and species naturally accumulate morphological 

51 differences, and it is only the limitations associated with scientific methods that impede the 

52 discovery of those differences (Korshunova et al. 2017). On the one other side, the “evolutionary 

53 framework” suggests that the deceleration of morphological evolution is a plausible expectation, 

54 given the observation of stasis, niche conservatism and constraints in nature. While some of this 

55 diversity is potentially attributed to taxonomic artefacts (Korshunova et al. 2017) morphologically 

56 similar species – ‘true’ cryptic species – have been discovered in various branches of the tree of 

57 life, thus representing an important part of biodiversity (Pfenninger and Schwenk 2007; Pérez-

58 Ponce de León and Poulin 2016; Cerca et al. 2018; Fišer et al. 2018).

59 Following centuries of morphologically oriented taxonomy, the existence of “true” cryptic 

60 species entails a challenge to the delimitation, discovery and classification of species (Bickford et 

61 al. 2007; Fišer et al. 2018; Struck et al. 2018). In the case of morphologically similar species, 

62 species delimitation relying on morphology alone will fail to capture the existing species diversity 

63 (Pante et al. 2015; Fišer et al. 2018; Chenuil et al. 2019; Struck and Cerca 2019), resulting in the 

64 lumping of different species into a single species complex. While much has been written on the 

65 consequences of cryptic species in terms of biological systematics, we have only recently begun 

66 to understand the impact of cryptic species in other fields of biology. When species are poorly 

67 delimited, determination of biogeographic breaks (Weber et al. 2019; Cerca et al. 2020a), 

68 inferences on the evolutionary history (Wada et al. 2013; Swift et al. 2016; Struck et al. 2018; 
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69 Dufresnes et al. 2019), and the determination of ecological richness of an ecosystem (Chenuil et 

70 al. 2019) may be severely compromised. Furthermore, these problems extend outside fundamental 

71 fields of biology when species complexes are medically-relevant, such as the Anopheles cryptic 

72 species complex where not every morphologically-similar species is capable of transmitting 

73 malaria (Erlank et al. 2018) or in complexes of parasite species (De León and Nadler 2010; Nadler 

74 and De Len 2011), but also in cases of conservation management (Bickford et al. 2007; Bernardo 

75 2011).

76 While the discovery of cryptic species complexes has increased in the last few years, the 

77 resulting debate has focused on whether these are taxonomic artefacts or biologically relevant 

78 species. Consequently, the causes underlying morphological similarity remain mostly unexplored. 

79 Despite this hindrance, an important source of information may come from palaeontology where 

80 stasis has been studied for decades (Eldredge and Gould 1972; Gould 2002), and from the 

81 subsequent integration of this evidence with neontological data. A particularly insightful 

82 contribution is that of Futuyma (2010), which suggests that stasis may result from certain 

83 ecological, genetic and developmental scenarios. Genetic scenarios include shared genetic 

84 variation, potentially resulting from hybridization or ILS, homogenizing morphological 

85 divergence; genetic constraints resulting from epistatic reactions or pleiotropy, or constrains from 

86 the lack of genetic variation due to repeated bottlenecks or founder effects; stabilizing selection on 

87 morphology (Futuyma 2010). Some of these scenarios including stabilizing selection (Lee and 

88 Frost 2002; Novo et al. 2010, 2012; Lavoué et al. 2011; Smith et al. 2011; Santamaria et al. 2016; 

89 Zuccarello et al. 2018), bottlenecks and founder effects (Dornburg et al. 2016; Valtueña et al. 

90 2016) have been proposed to explain similarity on cryptic species. However, this remains untested 

91 since evidence for morphological similarity comes from interpretation of indirect methods, such 

92 as phylogenetic trees.

93 The Stygocapitella genus includes 11 described species with only four morphotypes and 

94 no significant quantitative morphological differences between some species (Cerca et al. 2020a, 

95 b). Morphologically identical species occur in sympatry and overlap in their distribution along the 

96 Northern European, Atlantic American, and Pacific American coastlines. In a previous study, we 

97 confirmed that three North Atlantic species - Stygocapitella westheidei, S. subterranea, and S. 

98 josemariobrancoi – are morphologically identical (Cerca et al. 2020a), nonetheless, we were not 
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99 able to determine the causes underlying morphological similarity with certainty. Preliminary 

100 results from selected DNA markers indicated that morphological similarity potentially stems from 

101 niche conservatism and tracking, coupled with the fluctuating dynamics of their habitats and/or 

102 genetic constraints (Cerca et al. 2020b). Here, using genomic data, we extend these efforts by 

103 focusing on the causes linked to genetic variation underlying morphological similarity (see above). 

104 Following Futuyma (2010), we hypothesize that 1) bottlenecks and founder effects reduce genetic 

105 variation, thus resulting in morphological similarity; 2) morphological similarity results from 

106 recent admixture; 3) shared genetic variation due to incomplete lineage sorting underlies 

107 morphological similarity.

108 Methods and materials

109 Study system

110 Stygocapitella is part of the meiofauna, being generally found above the high-water line of 

111 sheltered gravel or sandy beaches. To collect individuals, we selected sampling areas based on old 

112 records or by assessing beaches using google maps (Google Maps 2017) (Supplementary Table 1; 

113 Fig. 1). At each site, we drew a transect from the high-water line to the foot of the dune, digging a 

114 1-meter deep hole every meter starting at the high-water line. In each hole, we collected sediment 

115 samples every 15 cm of depth with a volume of about 500 cm3. Sediment samples were brought 

116 to the laboratory and interstitial invertebrates were extracted using the MgCl2 method, and isolated 

117 using a dissecting microscope (Westheide and Purschke 1988). After identifying Stygocapitella, 

118 we collected and preserved these in a ~70% ethanol solution for DNA extraction.

119 DNA extraction and molecular species barcoding

120 Since Stygocapitella westheidei, S. subterranea and S. josemariobrancoi are 

121 morphologically indistinguishable (Cerca et al. 2020a), we barcoded individual individuals using 

122 16S, 18S, ITS1 and COI as described in Cerca et al. (2020b, a) (Supplementary Table 2 includes 

123 NCBI reference-ID). In brief, we extracted DNA from single individuals using either phenol-

124 chloroform or the E.Z.N.A. Tissue DNA Kit (Omega Bio-Tek), and obtained COI (Astrin and 

125 Stüben 2008), 18S (Hillis and Dixon 1991), ITS1 (Cerca et al. 2020a), and 16S (Palumbi et al. 

126 1991; Zanol et al. 2010) sequences using PCR. Amplified genetic markers were sequenced by 
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127 Sanger-sequencing at Macrogen-Europe. For detailed information on amplification, primer 

128 sequences and extraction please see Cerca et al. (2020b, a).

129 Library preparation and Illumina sequencing

130 We selected 50 Stygocapitella josemariobrancoi, 47 S. subterranea and 24 S. westheidei 

131 for library preparation (Supplementary Table 2). Due to the reduced body size, DNA extractions 

132 of Stygocapitella yield low concentrations of DNA, therefore, to overcome this problem, we used 

133 a combination of whole genome amplification (WGA) (Golombek et al. 2013; de Medeiros and 

134 Farrell 2018) followed by a double-digestion Restriction site-Associated DNA sequencing 

135 protocol (ddRAD) (Baird et al. 2008; Peterson et al. 2012). To complete the WGA reaction, DNA 

136 of a single individual is first denaturated and mixed with random hexamer primers and the Phi29 

137 DNA polymerase (Illustra Genomiphi HY DNA Amplification Kit; GE© Healthcare Life 

138 Science). Following the manufacturer’s instructions, 2.5µl of template DNA were mixed with 

139 22.5µl of sample buffer, and incubated at 95ºC for three minutes for denaturation. After this, we 

140 added 22.5µl of reaction buffer and 2.5µl of enzyme mix to the DNA-sample buffer solution, 

141 incubated the solution at 30ºC for four hours for DNA amplification and an enzyme heat-

142 inactivation at 65ºC for ten minutes. DNA was purified using AMPure XP beads, and resuspended 

143 in ddH2O. The concentration of the amplified DNA was determined with Qubit and the fragment 

144 size distribution with a fragment-analyzer.

145 For each individual, 500 ng of amplified DNA was digested in 25 µl including 0.5 µl of 

146 each restriction enzyme (Pst-I HF and Mse-I, each 20 units/µl) and 2.5 µl Cut-smart buffer. The 

147 digestion reaction was carried out at 37º C for two hours. Digested DNA was purified using 

148 Ampure-beads and resuspended in 22 µl ddH2O, and Illumina adaptors with barcodes were ligated 

149 to the digested DNA in a 25 µl reaction including 20.5 µl sample DNA, 1 µl T4 DNA-ligase, 2.5 

150 µl 10X T4 ligase buffer and 1 µl adapter P1/2-mix. This reaction was incubated for 30 minutes at 

151 25ºC, and the enzyme inactivated for 10 minutes at 65ºC. The barcoded libraries were pooled, 

152 cleaned using AMPure XP beads, and eluted in 100 µl of ultra-purified water. We ran a size-

153 selection step using Blue Pippin’s 100-600 bp cassette (BDF2010) selecting for fragment-length 

154 between 300-600 bp followed by cleaning with AMPure XP beads to remove short fragments. The 

155 library was amplified in 200 µl including 100 µl Q5 HiFi MasterMix, 5 µl Primer mix and 20 µl 

156 DNA, in 18 PCR cycles (initial denaturation: 98ᵒC for 30s; 18 cycles of 98ᵒC for 10 seconds, 60ᵒC 
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157 for 15 seconds, 72ᵒC for 15 seconds; and a final elongation of 72ᵒC for 2 minutes). Finally, two 

158 cleaning-quantification steps using AMPure XP beads were done, and the libraries were sent for 

159 Illumina Sequencing on an Illumina Hi-Seq 4000.

160 Individual identification and multi-marker phylogeny

161 Raw 16S, 18S, ITS1 and COI sequences were assembled, and ends were automatically 

162 trimmed to remove primers and low-quality ends using Geneious v6.8.1, (Supplementary Table 

163 2). Each consensus sequence was queried against the default NCBI database (nr/nt) using BLAST 

164 (Altschul et al. 1990; Camacho et al. 2009) to exclude potential contamination. For each gene, 

165 sequences were aligned using mafft v7.310, using a maximum of 1,000 iterations, and the ends of 

166 the sequences trimmed until the first position without missing data. The accurate localpair 

167 algorithm was used for all genes (Katoh and Standley 2013), with the exception of ITS1, which 

168 had a single peak, where the globalpair algorithm was applied as it is optimized for gappy 

169 sequences. The dataset was concatenated using FASconCAT v1.1 (Kück and Meusemann 2010), 

170 and a partitioned phylogenetic tree was obtained using IQ-tree v1.6.10, by applying 1,000 

171 fastbootstrap replications. Model determination was done automatically by IQ-tree, and it included 

172 TIM2+I for ITS1, JC+I for 18S, TN+R2 for 16S and HKY+I for COI. The congruence between 

173 these genes, and in the individuals used has previously been determined in Cerca et al. (2020b, a).

174 De novo RAD assembly

175 Since no reference genome is available for Stygocapitella, we used the de novo assembly 

176 approach implemented in Stacks v2.2 to identify RAD loci (Rochette and Catchen 2017; Rochette 

177 et al. 2019). The first module of Stacks, ‘process_radtags’, was executed using flags tailored to 

178 improve data quality (--clean, --quality, --rescue). To optimize Stacks’ parameters, we ran the de 

179 novo pipeline repeatedly using different -M (mismatch between stacks within individuals) and -n 

180 (mismatches between stacks between individuals) values, as suggested by best practices (Paris et 

181 al. 2017). The total number of loci resulting from different -M -n values were plotted and analyzed, 

182 selecting -M 3 and -n 3 for the final dataset. Populations, as required for the population map, were 

183 defined based on the species and sampling site (total of 22 populations - Supplementary Table 1).

184 Since we observed a considerably high level of missing data in the dataset (>90% missing 

185 data), we tested and implemented a new method to improve RADseq datasets. Missing data is 
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186 especially problematic in RADseq as it can lead to erroneous inference of population-genetic 

187 parameters (Arnold et al. 2013; Gautier et al. 2013; Hodel et al. 2017). However, applying stringent 

188 filtering for missing data has been shown to prune parsimonious-informative loci, with best-

189 practices suggesting non-conservative pruning of the data (Huang and Lacey Knowles 2016; Lee 

190 et al. 2018; Crotti et al. 2019). To mitigate missing data while avoiding stringent filtering, we 

191 applied a novel procedure, which allowed us to retrieve more loci from our data (Cerca et al 

192 submitted). In brief, we ran Stacks for every population present in the population map – 22 times 

193 in total (Supplementary Table 1) – thus lowering phylogenetic distance in the dataset. Since 

194 phylogenetic distance (biological origin) and artefacts in generating and processing data can lead 

195 to allelic dropout (O’Leary et al. 2018), lowering phylogenetic distance will isolate dropout caused 

196 by artefacts in library preparation (e.g. DNA size-selection, low DNA concentrations, poor 

197 digestion), and loss of information due to whole genome amplification (de Medeiros and Farrell 

198 2018). For each population, we identified samples with >45% missing loci and removed these 

199 from a final analysis (hereafter the clean dataset). To evaluate how the optimization impacted the 

200 final number of loci we compared the number of loci and missingness in the dataset before cleaning 

201 (hereafter the uncleaned dataset) and in the cleaned dataset using the values of -r 25 (a locus has 

202 to be present in at least 25% of individuals comprising a population to be considered) and -p 4 (a 

203 locus has to be present in at least 4 populations to be considered). Finally, we included a technical 

204 replicate in the dataset (individuals 222 01 and 222 01R), and checked whether it was coherently 

205 placed in all the analyses.

206 Population genomics and phylogenomics

207 From the clean dataset, we extracted a single nucleotide polymorphism-only dataset (SNPs; 

208 hereafter variant dataset) and an all-sites dataset (containing non-variant and variant positions; 

209 hereafter all-sites dataset). Separating the data in these two datasets is necessary to meet the 

210 assumptions of some statistical tests which may require the presence of non-variant positions to 

211 calculate ratios of variant and non-variant sites. The variant dataset was pruned by selecting -r 50 

212 (a locus has to be present in at least 50% of individuals comprising a population), and -p 8 (a locus 

213 has to be part in at least 8 populations) as loci cut-offs, using the ‘populations’ program included 

214 in Stacks, resulting in 4,737 RAD-loci. After this initial round of cleaning, we used vcftools 

215 v0.1.13 (Danecek et al. 2011) to further prune the dataset for 5% minimum allele frequency (--
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216 maf), and for mean loci coverage values between 10-100 (--min-meanDP 10 --max-meanDP 100) 

217 and removed 12 individuals which had missingness above >90% (--missing-indv; Supplementary 

218 Table 2). The combination of coverage filters together with the -M -m optimization procedure 

219 mentioned above optimizes the generation of RADseq loci by removing loci which may artificially 

220 come together (i.e. repetitive regions). Finally, to decrease the effect of physical linkage in the 

221 data, we used a custom BASH shell script which kept only one polymorphism (SNP) per RAD 

222 locus, resulting in a final dataset of 3,428 SNPs. Using this dataset, we assessed genetic variation 

223 by means of a principal component analysis (PCA), a multi-dimensional scaling (MDS) analysis 

224 and an ADMIXTURE analysis. PCA and MDS are model-free approaches to estimate population 

225 structure, being complementary as PCA assumes ‘mean values’ for missing data (i.e. dragging 

226 individuals with high missingness to the center) whereas MDS does not. PCA was computed using 

227 the R package Adegenet (Jombart and Ahmed 2011) and MDS with plink v1.9 (Chang et al. 2015). 

228 ADMIXTURE is a model-oriented approach to determine population structure based on the 

229 presence/absence of heterozygotes (Alexander et al. 2009). We ran Admixture assuming 1-6 

230 clusters (K), running a total of 5 replicates for each K, and determined the best K by estimating 

231 the cross-validation error (Supplementary Figure 1). Considering the potential for admixture of 

232 individuals in sympatry (Figure 1), we used ƒ3 statistics, included as part of the Admixtools 

233 package, as a direct test for detecting hybridization (Patterson et al. 2012; Peter 2016). These 

234 statistics consists of a 3 populations test where a focal population is derived from admixture 

235 between the other two populations. When this score is negative, it suggests that admixture likely 

236 has occurred. We estimated errors and confidence intervals on the ƒ3 statistics by partitioning the 

237 dataset into blocks and applying a jackknife bootstrapping. Finally, we inferred species-level 

238 divergence by estimating Weir and Cockerham’s FST using vcftools (Weir and Cockerham 1984; 

239 Danecek et al. 2011).

240 The all-sites dataset was obtained by extracting FASTA sequences from Stacks. To run the 

241 phylogenomic analysis, we wrote a Perl script to reorganize the data into loci, concatenated all loci 

242 in a supermatrix using FasConCat-G (Kück and Longo 2014) and ran a partitioned-tree using IQ-

243 tree v1.6.10 (Nguyen et al. 2015) specifying 1,000 fast bootstrap replications (Chernomor et al. 

244 2016; Hoang et al. 2017), and locus-specific models which were determined as part of the run 

245 (Kalyaanamoorthy et al. 2017). To explore the effect of missing data on the tree topology, we ran 

246 BaCoCa (Kück and Struck 2014), which runs summary-level statistics on the concatenation matrix 
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247 and tree, such as the % of positions with missing data shared by a pair of individuals. Pairwise 

248 positive overlap values were plotted to the tree topology using the R package ape (Paradis and 

249 Schliep 2018). Additionally, we ran an Unweighted Pair Group Method with Arithmetic mean 

250 (UPGMA) tree using only the average % of pairwise shared data per individual (i.e. pairwise 

251 percentage of shared data between taxa which do not have an indel, ambiguous character state, or 

252 a missing character state). The UPGMA tree was run to understand whether taxa were grouped 

253 based on the overall pattern of missing data. We did a species network analysis using 

254 SPLITSTREE v4 (Huson and Bryant 2006) to complement phylogenetic inference since the 

255 network does not enforce dichotomous branching at each node.

256 To gauge population-level patterns and diversity, we selected loci from the all-sites dataset 

257 without missing-data at the population-level and estimated summary statistics including nucleotide 

258 diversity (π), Waterson’s estimator of genetic diversity (S) and Tajima’s D using DNAsp v6 (Rozas 

259 et al. 2017). The selection of sites without missing data is grounded on best-practices as missing 

260 data can lead to the under- or overestimation of some of these parameters (Arnold et al. 2013). 

261 Importantly, we selected only populations where 3 or more individuals (i.e. > 5 ‘chromosomes’) 

262 had data available (Supplementary Table 2).

263 Finally, we evaluated various demographic scenarios using fastsimcoal2, using the same 

264 dataset for the previous analysis which included running fastsimcoal2 (Excoffier et al. 2013). 

265 Fastsimcoal2 uses the site-frequency spectrum (SFS) and a coalescent-simulation framework 

266 based on an arbitrary user-defined scenario to infer population sizes, strength of gene flow and 

267 times of coalescence. Likelihood is then calculated by running the ‘best parameters’ for each 

268 specified scenario multiple times and obtaining the distribution of likelihood estimates. To 

269 implement these simulations, we used the phylogeny obtained with Stygocapitella subterranea 

270 and S. westheidei as sister species, and S. josemariobrancoi as sister to the remaining two. We 

271 defined the following models: no gene flow, ancient gene flow (between Stygocapitella 

272 josemariobrancoi and the stem lineage of S. subterranea and S. westheidei), geographic gene flow 

273 (similar as the ancient gene flow, but also with modern gene flow between the sympatric 

274 Stygocapitella subterranea and S. josemariobrancoi), modern gene flow (gene flow between all 

275 three modern species; note we refer to ‘modern’ as opposed to ‘ancient’, that is, currently existing 

276 lineages), all gene flow (gene flow between all three species and the two ancestral lineages), 
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277 modern gene flow only between S. josemariobrancoi and S. subterranea, modern gene flow only 

278 between S. josemariobrancoi and S. westheidei, modern gene flow only between S. westheidei and 

279 S. subterranea, and gene flow in ancestral times and between S. subterranea and S. westheidei. 

280 When included in the model, gene flow was module as asymmetric. Each model was run 10,000 

281 times, and the best fitting scenario was evaluated using likelihood, by running it 100 times.

282 Results

283 Tree of selected molecular markers

284 We compiled a dataset comprising 4,147 bp (the COI fragment consisted of 629 bp, 16S of 

285 548 bp, ITS1 of 1,150 and 18S of 1,817 bp), from which 716 sites were phylogenetic-informative 

286 sites. From a total of 69 individuals, we obtained 67 16S sequences, 61 COI sequences, 28 18S 

287 sequences and 31 ITS1 sequences. Every species was recovered as monophyletic (Figure 2 A) with 

288 bootstrap support values of 100 for S. josemariobrancoi, of 86 for S. subterranea and of 100 for 

289 S. westheidei (Figure 2 A). The retrieved tree topology includes S. westheidei and S. subterranea 

290 as sister species. Stygocapitella josemariobrancoi as sister to the clade comprising S. subterranea 

291 and S. westheidei. Single gene trees show concordance between markers (Supplementary Figures 

292 2-5)

293 Genomic dataset

294 We obtained a total of 1,277,919,764‬ sequencing reads from two Illumina HiSeq4000 

295 lanes. After demultiplexing and cleaning the data with process_radtags, we retained 899,112,800‬ 

296 reads (107,830,588 reads were discarded for having ambiguous barcodes, 270,174,154‬ for 

297 ambitious RADtags, and 802,222‬ for low quality). When comparing the clean and unclean 

298 dataset, the approach to lower allelic dropout yielded a substantial increase of the number of loci. 

299 In detail, after running Stacks for each population individually, we removed 17 S. subterranea out 

300 of a total of 47, 7 S. westheidei out of 24, and 16 out of 50 for S. josemariobrancoi (roughly ~33% 

301 of the dataset, Supplementary Table 2). The uncleaned dataset yielded 179,742 loci (55,037,190 

302 sites including 628,031 variant sites), whereas the cleaned data yielded 368,696 loci (112,725,106 

303 sites including 1,100,431 variant sites). When pruned with common denominators included in the 

304 module Populations (-r 50 -p4), the unclean dataset yielded 109,369 loci, and the cleaned yielded 

305 272,134 loci. Individual-level missing data was reduced from 84.89% in the uncleaned dataset to 
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306 80.79% in the cleaned dataset. We validated this approach by comparing PCA, MDS and 

307 phylogenomic trees using both cleaned and the uncleaned dataset (see 

308 https://ecoevorxiv.org/47tka). A comprehensive investigation of this strategy including additional 

309 datasets will be published in a separate paper (Cerca et al. submitted).

310 Genomic trees and networks

311 The phylogenomic tree (Figure 2C) shows a slightly different topology from the tree 

312 obtained with selected molecular markers. The branches representing Stygocapitella subterranea, 

313 S. westheidei, and S. josemariobrancoi have a bootstrap support of 93, 99 and 100, respectively. 

314 The tree topology is broadly similar to the selected marker phylogenetic tree, with S. 

315 josemariobrancoi being sister to the clade comprising S. subterranea and S. westheidei. However, 

316 strictly speaking, none of the species is recovered as monophyletic, since three individuals 

317 identified as S. josemariobrancoi are not placed with S. josemariobrancoi. Specifically, 422 04 

318 from Bristol Channel nests within S. subterranea, 422 05 from Bristol Channel nests within S. 

319 westheidei and 401 03 from St. Efflam is positioned as sister to S. subterranea (Figure 2C, 

320 individuals denoted by arrows). Importantly, mapping of shared pairwise data in the tree topology 

321 suggests that these trends are not driven by missing data, since the branches representing the three 

322 aforementioned individuals do not exhibit elevated levels of missing data (Figure 2C). The 

323 UPGMA tree, which is solely built on a pairwise matrix of missing-data, shows that S. subterranea 

324 and S. josemariobrancoi are generally separated, interlaced by individuals from S. westheidei 

325 (Supplementary Figure 6). While this suggests that the three species have different amounts of 

326 missing data, the fact that individuals are generally mixed suggests that missing data is not driving 

327 phylogenetic reconstruction. For example, the three individuals resulting in a paraphyletic 

328 reconstruction are not placed closely to their sister taxa in the tree, therefore indicating that missing 

329 data has no influence in the paraphyletic position of these individuals (Supplementary Figure 6).

330 In the phylogenetic network, Stygocapitella westheidei is separated from the remaining two 

331 species, occupying a separate and relatively compact area of the network. Stygocapitella 

332 subterranea is mostly confined to one small section of the network, however, three individuals are 

333 very close to the center of the network (398 04, 398 08 and 398 09 from Keitum; Figure 3). In line 

334 with the results from the phylogenomic tree, Bristol Channel 422 04, which is identified as part of 

335 S. josemariobrancoi, is nested within S. subterranea in the network. Stygocapitella 
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336 josemariobrancoi, on the other hand, is clearly stretched and set apart in the network, occupying 

337 a large area (Figure 3). While most individuals are nested within a condensed and remote portion 

338 of the network, the individuals Bristol Channel 422 05, St Efflam 401 03 and 401 04 lie in an 

339 intermediate position between the center of the network and the majority of individuals from S. 

340 josemariobrancoi (Figure 3). This is broadly in agreement with the phylogenomic tree, which 

341 shows Bristol Channel 422 05 nested with S. westheidei (Figure 2C) and St. Efflam 401 03 sister 

342 to S. subterranea (Figure 2C). The distance between most individuals belonging to S. 

343 josemariobrancoi and the center of the network remaining two species suggests a greater degree 

344 of differentiation.

345 Population structure, differentiation and summary statistics

346 The PCA separates the three species across the first two principal components, (which 

347 together explain 30.4% of the variance; Figure 4A). Three individuals stand out, including Bristol 

348 Channel 422 04 (labelled as S. josemariobrancoi) which is placed closely with S. subterranea 

349 individuals, Bristol Channel 422 05 which occupies an intermediate position between S. westheidei 

350 and S. josemariobrancoi, and Lubec 428 02 which is relatively distant from the remaining S. 

351 westheidei individuals. The multi-dimensional scaling plot, which is less affected by missing data, 

352 separates the species into three distinct clusters (MDS; Figure 4B). However, coherently with the 

353 previous analyses, we detect several taxa with intermediate positions: Bristol Channel 422 04 

354 (labelled as S. josemariobrancoi) is closer to the S. subterranea cluster than to the S. 

355 josemariobrancoi, Hoernum 169 09 (labelled as S. josemariobrancoi) in an intermediate position 

356 between these two species; Bristol Channel 422 05, St. Efflam 401 04, 401 03, 401 05 (all labelled 

357 as S. josemariobrancoi) are found in an intermediate position between S. josemariobrancoi and S. 

358 westheidei Lubec 429 02 (labelled as S. westheidei) is also distant from the S. westheidei cluster, 

359 being relatively close to Bristol Channel 422 05 (Figure 4B).

360 The ADMIXTURE analysis confirms shared genetic signal among species. The most 

361 supported cluster size was K = 3 (Supplementary Figure 1) and is plotted in Figure 5. In agreement 

362 with the phylogenetic network, the MDS and the PCA, S. westheidei is the species with the least 

363 amount of admixture, with only 2 individuals sharing a relatively low degree of ancestry with S. 

364 subterranea. A majority of S. subterranea individuals (17 out of 30) share genetic variation with 

365 S. josemariobrancoi. S. josemariobrancoi has 5 individuals which are admixed from S. westheidei, 
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366 and an individual (Bristol 422 04) identified as having a S. subterranea ancestry. Notably, 

367 individuals from sympatric areas and belonging to S. josemariobrancoi and S. westheidei 

368 (Hausstrand, Musselburgh, Lubec) show no signal of shared ancestry. However, five S. 

369 subterranea individuals with shared ancestry belong to two sympatric sites (Hausstrand and 

370 Musselburgh). ƒ3 statistics were positive, thus suggesting that the observed patterns of admixture 

371 are unlikely to be due to recent admixture (Table 1). Notably, two out of three scenarios retrieved 

372 Z scores >3 (threshold used for significance), including S. subterranea and S. josemariobrancoi 

373 as source and S. westheidei as target, and S. josemariobrancoi and S. westheidei as sources and S. 

374 subterranea as target.

375 Notably, FST estimates among species are high, thus indicating isolation. Pairwise FST 

376 comparisons were lower between S. josemariobrancoi and either of the remaining species: 0.53 

377 for S. josemariobrancoi vs S. subterranea, 0.492 S. josemariobrancoi vs S. westheidei and 0.664 

378 for S. subterranea vs S. westheidei (Table 2).

379 Summary statistics suggest that populations of S. josemariobrancoi have a higher degree 

380 of genetic variation. Waterson’s estimate, S, ranges between 2.11-2.39 in S. subterranea and 

381 between 1.81-2.35 in S. westheidei, and between 1.89-6.83 in S. josemariobrancoi, with Bristol 

382 Channel (S = 4.92), and Gravesend (S = 6.93; Table 3). This is similar when considering nucleotide 

383 polymorphisms (π), with S. subterranea ranging between 0.002-0.0037, S. westheidei between 

384 0.0021-0.0034, but S. josemariobrancoi ranging between 0.0026-0.0099 again with Gravesend and 

385 Bristol Channel as outliers (Gravesend π = 0.0099, Bristol Channel π = 0.0086; Table 3). 

386 Interestingly, sympatric sites do not reveal any signal of higher polymorphism, as it would be 

387 expected in scenarios of on-going hybridization. For instance, π = 0.0033 and S = 2.13 for S. 

388 subterranea in Musselburgh, and π = 0.0045 and S = 2.49 for S. josemariobrancoi in Musselburgh. 

389 Hausstrand, for which we were only able to obtain data for S. josemariobrancoi retrieved a π = 

390 0.0038 and a S = 2.55, while the population Lubec of S. westheidei shows π = 0.0029 and S = 2.15. 

391 Tajima’s D excludes the possibility for bottlenecks, as none of the populations exhibits significant 

392 Tajima’s D (i.e. values below -2 or above +2; Table 3).

393 Absence of recent admixture is also supported by the simulation of demographic scenarios 

394 (Figure 6), as two of the top three most supported scenarios suggest no recent gene flow: ancient 

395 gene flow (i.e. gene flow between the two ancestral branches), no gene flow. The most supported 
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396 scenario, however, suggests there has been gene flow between S. subterranea and S. westheidei. 

397 This scenario seems unlikely, since the estimated time of coalescence of 3,759 generations ago 

398 (presumably Stygocapitella has a generation time of a single year) between S. subterranea and S. 

399 westheidei, and 31,853 generations for S. josemariobrancoi and the ancestral lineage for S. 

400 subterranea and S. westheidei. These numbers are clearly at odds with previous evidence 

401 suggesting these lineages diverged millions of years ago (Struck et al. 2017; Cerca et al. 2020a). 

402 The ancient gene flow scenario includes estimates of 1,130,483 generations for the first coalescent 

403 event, and 12,816,687 generations for the second coalescent event. No gene flow scenario 

404 estimates 205,937 and 7,482,922 generations ago (Supplementary Material). The least supported 

405 scenarios generally involved gene flow between modern lineages (Figure 6).

406 Discussion

407 Morphological similarity through extended periods of times, or stasis, has been 

408 hypothesized to occur under three possible scenarios underlied by genetics: homogenous genetic 

409 variation (due to e.g. ILS, hybridization), genetic constraints (e.g. pleiotropy), and lack of genetic 

410 variation (e.g. bottlenecks and founder effects) (Futuyma 2010). While our sampling design does 

411 not account for genetic constraints, we study the evolutionary history of Stygocapitella species 

412 seeking to determine signals of loss of genetic variation or shared genetic variance. We find that 

413 the three morphologically similar Stygocapitella species herein studied share genetic variation and 

414 exclude the possibility of recent bottlenecks or recent admixture. Demographic and admixture 

415 analysis reveal signatures of incomplete lineage sorting and possibly ancestral admixture during 

416 the divergence of these three species. We discuss the possible implications of these processes to 

417 the genomic underpinnings of indistinguishable morphology among cryptic species.

418 Whole genome amplification and the generation of RADseq data

419 We show that WGA combined with RAD sequencing may become an important tool for 

420 microscopic eukaryote genomics. RADseq library preparation typically requires 200-500 ng of 

421 DNA per individual, yet DNA extraction of a single Stygocapitella individual typically yields 10-

422 100 ng of DNA, thus representing a challenge to obtain genome-level data. One potential solution 

423 is to pool individuals. However, pooling may not be ideal when dealing with morphologically 

424 similar species, especially when they occur in sympatry, as observed in Stygocapitella, since the 
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425 identification of individuals based solely on morphology may be impossible. Arguably, one of the 

426 major advantages of RADseq is to open up population genomics and phylogenomics as approaches 

427 for non-model systems at an affordable cost. In such systems, experimental designs may benefit 

428 from the inclusion of the largest number of individuals possible, which encompass the whole 

429 spectrum of populations or species to determine species boundaries, phylogeography, population 

430 structure and the phylogeny. Pooling individuals from different species or populations together 

431 may lead to an incorrect inference of the phylogeny when species boundaries are not known, but 

432 also skew allelic variation. Consequently, pooling of individuals may result in difficulties during 

433 data processing and interpretation, and may require extra efforts such as barcoding of individuals 

434 before pooling. In the view of these challenges, we optimized and applied a whole-genome 

435 amplification protocol to obtain genome level data, thus confirming its potential for population 

436 genomic-inference and phylogenetics (de Medeiros and Farrell 2018, 2019).

437 Bottlenecks, meiofaunal dispersal and morphological similarity

438 The few phylogeographic studies available for meiofaunal organisms have generally 

439 detected founder effects and bottlenecks, and have discussed how colonization dynamics may be 

440 determined by a series of bottlenecks (Casu and Curini-Galletti 2006; Derycke et al. 2007; Andrade 

441 et al. 2011), however, we find no evidence for bottlenecks in this dataset when using summary 

442 statistics and Tajima’s D. Evidence for the prevalence of bottlenecks in meiofauna has been further 

443 supported by experimental evidence which showed that colonization of new areas may be 

444 characterized by founder effects and bottlenecks, which, in turn, are expected to shape the genetic 

445 differentiation of meiofaunal populations (Derycke et al. 2007, 2013). Broadly, this follows 

446 hypotheses on marine-invertebrate biogeography which suggests that repeated extinction and 

447 recolonization dynamics may be involved in shaping genetic differentiation in populations and 

448 species (Andrade et al. 2011; Derycke et al. 2013). We find no indication of bottlenecks in 

449 Stygocapitella, as suggested by non-significant Tajima’s D values (Table 3), even though that part 

450 of the sampling distribution of Stygocapitella included areas which were glaciated only 10,000 

451 years ago (Wares and Cunningham 2001). Two possibilities may explain this scenario and support 

452 our findings. First, the hypothesis that meiofauna disperse through a series of bottlenecks may 

453 require more evidence. Indeed, when scoring a total of 752 papers, we could only detect 48 studies 

454 focusing on biogeography and 7 on evolutionary biology (including population genetics) (Cerca 
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455 et al. 2018), thus suggesting that meiofaunal biogeography is in its early days and more studies are 

456 needed for more solid conclusions. This hypothesis may also be at odds with evidence that 

457 meiofauna may be, indeed, good dispersers (reviewed in Cerca et al. 2018). Even if dispersal is 

458 carried by only a limited group of individuals, concomitant with the idea of a founder effect and 

459 bottleneck colonization, the dispersal of more organisms from ‘source populations’ (multiple 

460 waves of dispersal) through time would eventually homogenize genetic variation in newly 

461 colonized areas. Second, to the best of our knowledge, this is the first work to focus on population-

462 genomic level data in meiofauna. Typically, works have focused on sequencing a limited 

463 combination of mitochondrial and nuclear genes (e.g. (Derycke et al. 2005, 2007, 2008; Kieneke 

464 et al. 2012; Leasi and Norenburg 2014). While non-recombining data, such as mitochondrial 

465 markers, may provide an ideal indication for the occurrence of bottlenecks, these effects should be 

466 confirmed on complementary genomic regions. For instance, using the 16S mitochondrial marker, 

467 we previously detected single haplotypes in populations of S. subterreanea or S. josemariobrancoi. 

468 These populations had a statistically significant Tajima’s D (S. josemariobrancoi individuals from 

469 Bristol Channel; S. subterranea individuals from Glenancross) (Cerca et al. 2020b). While this 

470 pattern was in conflict with that of the nuclear ITS1 (Cerca et al. 2020a), it is further rejected when 

471 using genome-level data, which provides a more comprehensive, and independent, assessment of 

472 genomic variance. This suggests that the dispersal-by-bottlenecks idea in meiofauna warrants more 

473 data, and that biogeography of meiofauna will benefit from more genomic studies.

474 Overall, we suggest that morphological similarity in Stygocapitella is unlikely to result 

475 from the lack of standing genetic variation due to re-occurring bottlenecks. Under this hypothesis, 

476 it is expected that bottlenecks reduce genetic variation, which will in turn limit morphological 

477 evolution, thus leading to stasis (Futuyma 2010). Given the lack of evidence for recent bottlenecks 

478 in Stygocapitella, this does not seem plausible. In addition to the evidence for the lack of recent 

479 bottlenecks, the fact that the remaining 8 Stygocapitella species live in similar habitats and are 

480 distributed throughout the world (Cerca et al. 2020a) indirectly suggests that bottlenecks may not 

481 be typical in the evolutionary history of the group.

482 Evidence for Incomplete Lineage Sorting and Admixture

483 We find clear evidence for shared genetic variation in Stygocapitella, which likely results 

484 from shared genetic variation. The most conspicuous evidence for this comes from the admixture 
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485 analysis, which clearly demonstrates admixed populations in the three species (Figure 5). This 

486 evidence is further supported by individuals with intermediate positions in the MDS – a test which 

487 is robust to missing data (Figure 4). Despite this evidence, we reject recent admixture based on 

488 several evidences. First, we obtained no evidence for admixture when using F-statistics, since we 

489 find only positive F-values. Second, evidence from summary statistics contributes to rejecting on-

490 going geneflow, as sympatric populations (Lubec in the USA, Musselburgh in Scotland, 

491 Hausstrand in Germany) do not show higher levels of heterozygosity. It would be expected that 

492 hybridization occurs in populations where individuals occur in sympatry since individuals of 

493 different species are found in the same sediment sample in close proximity (volume ranging from 

494 50-500 cm3). Third, admixture could generate incongruence between mitochondrial and nuclear 

495 markers (Melo-Ferreira et al. 2012; Sloan et al. 2017), which is not seen in individual trees 

496 (Supplementary Figures 2-5). Fourth, demographic scenarios including recent admixture and on-

497 going gene flow generally underperform. However, one of the most supported scenarios involves 

498 gene flow in the terminal branches (gene flow in ‘sub – west lineages’). We discard the possibility 

499 of this scenario since it suggests coalescent times times of 3,759 and 31,853 generations or years 

500 (1 generation is expected to be 1 year, Günter Purschke pers. comm)], not compatible with 

501 estimates of the splitting age of the three Stygocapitella species may have been ~5-30 million years 

502 ago (Cerca et al. 2020b). While we admit this is speculative, future studies are necessary to 

503 confidently dissect and determine the role of gene flow in the system. For example, these studies 

504 will benefit from using whole-genome data to determine whether interspecific divergence in 

505 regions of the genome show gene-species tree discordance, thereby dissecting ILS and 

506 hybridization (Joly et al. 2009; Giska et al. 2019). In sum, to the extent that we can speculate, our 

507 data suggests that shared genetic variance is more likely explained by ancient geneflow or 

508 incomplete lineage sorting. However, an “ancient admixture” scenario and ILS may not be 

509 completely discernible given the relatively low number of markers obtained by RADseq (~4,000 

510 SNPs) and high missing data in the dataset.

511 Evidence for ancient admixture or incomplete lineage sorting is further seen in the 

512 phylogenomic analysis. Phylogenetic approaches, which seek to reconstruct the evolutionary 

513 history of lineages, often fail to resolve the evolutionary history and the ‘true tree-topology’ when 

514 the taxa in question have high rates of incomplete lineage sorting or admixture (Kubatko and 

515 Degnan 2007; Degnan and Rosenberg 2009), but incongruence may also result from tree-building 
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516 errors, paralogy or horizontal gene transfer (Scornavacca and Galtier 2017). We discard tree-

517 building errors based on the following evidence. First, individuals with intermediate positions in 

518 the PCA and MDS correspond to those causing paraphyly in the trees. Second, when exploring the 

519 effects of missing data through a) labelling the tree with % of missing data (Figure 2); and b) 

520 constructing a cladogram based only on the shear % of missing data (i.e. UPGMA tree, 

521 Supplementary Figure 6); we find the placement of intermediate individuals is not guided by 

522 missing data. Should missing data determine their placement, we would expect these specimens to 

523 nest in close proximity in the UPGMA tree. Finally, in the phylogenetic network, the individuals 

524 which are also far removed from the remaining S. josemariobrancoi individuals, occupying central 

525 positions or being paraphyletic in the phylogenetic network correspond to those paraphyletic in 

526 the tree and in intermediate positions in the PCA and MDS. 

527 In sum, incomplete lineage sorting is known to contribute to levels of shared variation 

528 among species (Pease et al. 2016; Malinsky et al. 2018; Edelman et al. 2019), even at deep 

529 evolutionary levels (Song et al. 2015; Suh et al. 2015). The development of tools which employ 

530 the substantial amount of modern genomic data has allowed separating cases of ILS and ancient 

531 admixture, showing that ancient hybridization can have a strong impact in the levels of shared 

532 variation among species complexes (Malinsky et al. 2018; Li et al. 2019; Taylor and Larson 2019; 

533 Ferreira et al. 2020), even after several million years of divergence (Barth et al. 2020). Future work 

534 should employ multispecies-network methods or coalescent simulations (Joly et al. 2009) to 

535 determine the relative role of ILS and ancient admixture. However, it does not seem unlikely that 

536 both processes might have thus contributed to levels of shared variation across 5-30 millions of 

537 the divergence of Stygocapitella (Cerca 2020).

538 Incomplete lineage sorting and morphological similarity

539 The debate on morphological similarity is slowly shifting from ‘are cryptic species an 

540 artefact of systematics?’ to ‘what are the causes underlying morphological similarity?’, following 

541 the evidence that speciation is not necessarily accompanied by morphological divergence (Wada 

542 et al. 2013; Swift et al. 2016; Cerca et al. 2020b). We have previously argued that the study of 

543 morphological similarity will benefit from predictions, models, and evidence from paleontological 

544 stasis (Cerca et al. 2020a), which suggest that stasis may result from constraints, selective pressures 

545 on physiology and/or behaviour, stabilizing selection, niche conservatism (Hansen and Houle 
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546 2004; Estes and Arnold 2007; Futuyma 2010). While similarity in different cryptic species 

547 complexes may stem from different causes, morphological similarity in the three studied 

548 Stygocapitella species complex is likely associated with homogeneous genetic variation caused by 

549 incomplete lineage sorting and ancestral admixture that occurred during the divergence of the 

550 complex (Futuyma 2010). In such a scenario, it is expected that patterns of genetic variation remain 

551 similar for the species, thus resulting in the retention of symplesiomorphic morphological states 

552 (Futuyma 2010) and in the deceleration of morphological evolution (Cerca et al. 2020b). In any 

553 case, future works using whole-genome data are necessary to, for example, detect if regions 

554 affected by incomplete lineage sorting and gene flow are disproportionally enriched for genes that 

555 usually contribute for morphological divergence in closely related taxa. These works should also 

556 employ more variant-level data to confirm the patterns herein obtained.

557 Conclusions

558 The increasing discovery of cryptic species has led to heated debates in systematics, mostly 

559 lacking an integration in an evolutionary framework. Here, we tested the hypotheses that 

560 morphological similarity may own to reduced genetic variation (bottlenecks, founder effects), 

561 recent admixture (shared genetic variation), or incomplete lineage sorting. We found that 

562 morphological similarity in the three morphologically similar Stygocapitella species may own to 

563 incomplete lineage sorting underlying shared genetic variation. Future works should focus on 

564 understanding whether reduced genetic variation or shared genetic variation underlies 

565 morphological similarity in other systems.
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Figure 1
Figure 1. Sampling locations across the Northern Atlantic.

A-B) North America, C) United Kingdom, France and Germany, and the Island of Sylt in
Germany. The three species are displayed in different colours: orange (Stygocapitella

westheidei), green (S. josemariobrancoi) and blue (S. subterranea). Sampling locations with
multiple circles denote populations in sympatry. Species are delimited using the COI, 16S,
18S and ITS1 barcodes.
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Figure 2
Figure 2. Phylogenetic reconstruction and Scanning Electron Microscopy images of
Stygocapitella.

A) Maximum likelihood phylogeny of a concatenated, partitioned dataset (COI, 16S, 18S and
ITS1), with scale provided on the bottom. Coloration follows species, with blue representing
Stygocapitella subterranea, green representing S. josemariobrancoi, and orange S.

westheidei. Bootstrap support for the branches representing species are provided on top of
the branches. Every species is retrieved as monophyletic. B) Drawing of the Stygocapitella

westheidei, S. subterranea, S. josemariobrancoi morphotype. For more information on the
classification and distinction of the morphotypes see Cerca et. al (2020). C) Phylogenomic
tree based on 4,737 RADseq loci. Bootstrap support is provided for the main branches.
Coloration follows species with blue representing Stygocapitella subterranea, green
representing S. josemariobrancoi, and orange S. westheidei. Three specimens, denoted by
arrows, are identified as ‘paraphyletic’, including Bristol Channel 422 04 (identified as S.

josemariobrancoi, nested within S. subterranea), Bristol Channel 422 05 (identified as S.

josemariobrancoi, nested within S. westheidei) and St. Efflam 401 03 (identified as S.

josemariobrancoi, nested sister to S. subterranea). The tree topology is coloured with shared
pairwise data as estimated by BaCoCa. Allele 0 and allele 1 are displayed for all specimens.
Specimen 222_01 is a technical replicate and is therefore represented twice. Shared pairwise
data was calculated by integrating BaCoCa’s information on pairwise missing data.
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Figure 3
Phylogenetic network based on 4,737 RADseq loci.

Coloration follows species with blue representing Stygocapitella subterranea, green
representing S. josemariobrancoi, and orange representing S. westheidei. Specimens with
arrows represent specimens which were as paraphyletic in the phylogenomic tree (Fig. 2C).
S. josemariobrancoi is clearly stretched, indicating a greater differentiation from the
remaining two species. In congruence with the phylogenomic analysis, Bristol Channel 422
04 is nested within S. subterranea.
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Figure 4
Principal Component Analysis (A) and Multi-dimensional scaling (B) of 3,428 SNPs.

The percentage of explained variation is displayed with the axis for the PCA. Lineage
(species) are given in different shapes, with colours represent populations. Specimens with
‘intermediate positions’ are highlighted both analyses, indicating potential shared generated
variation between specimens.
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Figure 5
ADMIXTURE analysis of 3,428 SNPs shows shared genetic variation.

Stygocapitella josemariobrancoi, S. subterranea and S. westheidei are plotted consecutively
from left to right. Populations and specimen-ids are denoted at the bottom, with sympatric-
populations in bold and italics. The cladogram follows the tree topology retrieved in Figure 2
A and 2 B.
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Figure 6
Demographic scenarios considered.

The likelihood of different demographic scenarios is displayed on the Y axis. Based on the
estimated phylogeny (Figure 2), we modelled scenarios for (from left to right): 1) gene flow
only between S. westheidei and S. subterranea; 2) gene flow between S. josemariobrancoi
and the lineage before the S. subterranea and S. westheidei split; 3) no gene flow at all; 4)
gene flow between S. josemariobrancoi and S. subterranea, and between S. josemariobrancoi
and the ancient lineage; 5) geneflow between lineages living in sympatry; 6) gene flow in
every possible branch; 7) gene flow in sympatric, European linages; 8) gene flow between S.
josemariobrancoi and S. westheidei; 9) gene flow between currently existing lineages.
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Table 1(on next page)

ƒ3 statistics testing for hybridization between lineages.

Each row represents a scenario where two species are the source for admixture, and the
third species is the target of hybridization. A ƒ3 statistic, the standard error (SE) and a Z-
score value calculated with jackknife is provided for each scenario based.
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1 Table 1 ƒ3 statistics testing for hybridization between lineages. Each row represents a scenario where 

2 two species are the source for admixture, and the third species is the target of hybridization. A ƒ3 statistic, 

3 the standard error (SE) and a Z-score value calculated with jackknife is provided for each scenario based.

Source 1 Source 2 Target ƒ3 SE Z

S. subterranea S. josemariobrancoi S. westheidei 0.91 0.08 11.424

S. josemariobrancoi S. westheidei S. subterranea 1.09 0.24 4.575

S. westheidei S. subterranea S. josemariobrancoi 0.25 0.10 2.605

4
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Table 2(on next page)

Weir-Cockherham Fst-estimate

Estimates are provided in the lower part of the table, and the number of individuals included
in the pairwise estimation is provided in the upper part of the table.
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1 Table 2 Weir-Cockherham Fst-estimate is provided in the lower part of the table, and the number of 

2 individuals included in the pairwise estimation is provided in the upper part of the table.

Species S. subterranea S. josemariobrancoi S. westheidei

S. subterranea - 52 48

S. josemariobrancoi 0.530 - 40

S. westheidei 0.664 0.492 -

3
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Table 3(on next page)

Summary statistics for the various analysed populations

For each site we provide the number of specimens and chromossomes, number of loci
considered, S (Waterson’s estimate), the averaged π, and the averaged Tajima’s D. Analysed
populations include those with >5 chromossomes, with the exception of Plymouth which had
no samples with no missing data.

PeerJ reviewing PDF | (2020:08:52390:1:2:NEW 11 Dec 2020)

Manuscript to be reviewed



1 Table 3 Summary statistics for the various analysed populations. For each site we provide the number of 

2 specimens and chromossomes, number of loci considered, S (Waterson’s estimate), the averaged π, and 

3 the averaged Tajima’s D. Analysed populations include those with >5 chromossomes, with the exception 

4 of Plymouth which had no samples with no missing data.

Species Site
Number of specimens 

(chromossomes)

Number of loci 

analyzed (without 

missing data)

S

(Waterson’s 

estimate)

Averaged

π
Averaged 

Tajima’s D

Stygocapitella 

subterranea
Ardtoe 7 (14) 122 2.1066 0.0020 -0.1843

Glenancross 4 (8) 658 2.1763 0.0029 0.1123

Hausstrand 1 (not analyzed) - -

Ile Callot 3 (6) 1301 2.3912 0.0037 0.1958

Keitum 6 (12) 40 2.525 0.0030 -0.1858

Little 

Gruinard
1 (not analyzed) - - - -

Morsum 3 (6) 1923 2.1482 0.0032 0.1326

Musselburgh 3 (6) 1166 2.1329 0.0033 0.1571

Nairn 2 (not analyzed) - - - -

Stygocapitella 

josemariobrancoi

Bristol 

Channel
2 (not analyzed) - - - -

Ellenbogen 4 (8) 403 1.6377 0.0024 -0.1993

Gravesend 2 (not analyzed) - - - -

Hausstrand 4 (8) 154 2.5519 0.0038 -0.3862

Hoernum 3 (6) 261 2.6858 0.0046 -0.0281

Lubec 1 (not analyzed) - - - -

Plymouth 0 (not analyzed) - - - -

Musselburgh 3 (6) 414 2.5918 0.0045 -0.0356

Saint Efflam 3 (6) 572 3.3969 0.0059 0.1702

Stygocapitella 

westheidei
Canoe Beach 5 (10) 577 1.8128 0.0021 -0.3654

Lubec 5(10) 89 2.1461 0.0029 -0.1044

Reid State 

Park
5 (10) 519 2.3468 0.0024 -0.5266

South Lubec 3 (6) 524 2.0115 0.0034 0.1723

5
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