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14 ABSTRACT

15 The extensive coastlines of South Africa and Namibia extends from the Atlantic to the Indian 

16 Ocean and encompass several major biogeographic provinces, each characterized by unique 

17 faunal and floral assemblages.  Recent biogeographic studies have led to competing 

18 biogeographic models of the southern African coastline.  This has stimulated phylogeographic 

19 work to determine whether the distribution of genetic diversity within coastal invertebrate 

20 species match the proposed biogeographic regions.  The lack of congruence between studies and 

21 the discovery of cryptic diversity indicating the possible existence of cryptic species in coastal 

22 isopods in the region underscore the need for additional phylogeographic research in southern 

23 Africa.  This is particularly true for organisms shown to both harbor cryptic diversity and to 

24 retain signatures of past geological and oceanographic processes in their phylogeographic 

25 patterns.  Isopods in the genus Ligia exhibit several biological traits that suggest they may be 

26 informative on phylogeographic patterns.  They inhabit patchy rocky beaches, are direct 

27 developers, avoid the open water, and exhibit several biological traits that severely constrain 

28 their dispersal potential (e.g. poor desiccation resistance).  These traits are thought to lead to long 

29 term isolation of populations, the retention of geological and oceanographic signatures in 

30 phylogeographic patterns of Ligia, and the presence of cryptic lineages. In this study, we used 

31 mitochondrial and nuclear markers to characterize Ligia collected in 18 localities across Namibia 

32 to the KwaZulu-Natal region of South Africa.  We report the presence of cryptic lineages within 

33 Ligia species in the region, as well as distributional patterns that differ from those reported from 

34 other coastal taxa, but that broadly match a widely used biogeographic model for the region.



35 INTRODUCTION

36 The coastlines of Namibia and South Africa together extend for over 4,700 km and incorporate a 

37 wide diversity of habitats across both the Atlantic and Indian Oceans.  Namibia and the western 

38 coastline of South Africa are washed by the Benguela Current, which brings cool (10–18ºC), low 

39 salinity, and slow-moving (0.1–0.3 m s-1) waters from the polar region in the Atlantic Ocean and 

40 transports these northwards towards the equator (Demarcq et al. 2003; Hutchings et al. 2009; 

41 Shannon & Nelson 1996).  Close to shore, offshore winds and the flow of the Benguela Current 

42 causes upwelling and thus elevated biological productivity that supports high levels of biomass 

43 and rich commercial fisheries along both the South African and Namibian coastline (Crawford et 

44 al. 1987).  In contrast, along the east coast of South Africa, the Agulhas Current brings warm 

45 (20–28ºC), nutrient-poor, fast-moving (up to 2 m s-1) waters that flow southward from the 

46 tropical Indian Ocean (Lutjeharms 1998; Schumann 1987).  The effects of the current are felt 

47 most intensely in northern KwaZulu-Natal, where it flows closest to the shoreline, before 

48 deflecting offshore and following the edge of the Agulhas Bank in the area south of East 

49 London.  Along the south coast of South Africa, the coastlines between East London and Cape 

50 Point exhibit intermediate ranges of abiotic factors and support a warm-temperate fauna, rich in 

51 endemic species (Griffiths et al. 2010).  These contrasting conditions result in the presence of 

52 very distinct faunal and floristic assemblages (or bioregions) occurring along the coastline.  

53 Many studies have analyzed biogeographic zonation patterns around the coastline and have 

54 recognized distinct coastal biogeographical provinces, but with some discrepancies with regard 

55 to the numbers of such provinces, their nomenclature, their exact boundaries and the recognition 

56 (or not) of ‘overlap zones’ (for brief historical reviews see Griffiths et al. 2010; Teske et al. 

57 2011).  The most recent and widely used biogeographic analysis (Sink et al. 2012), however, 



58 proposes four main South African ‘Ecoregions’ the inshore and offshore boundaries of which 

59 differ.  As regards the coastline itself, the recognized zones are: the Namaqua region, extending 

60 from mid-Namibia to Cape Point in South Africa; the Agulhas region from Cape Point to just 

61 east of East London; the Natal region from East London to northern KwaZulu-Natal and the 

62 Delagoa region, which stretches from northern KwaZulu-Natal across the border into 

63 Mozambique.  An additional bioregion occurs in northern Namibia and is known as the Namib 

64 region.  A similar model was developed by Lombard et al. (2004) and also used by Griffiths et 

65 al. (2010), but it differs by recognizing an additional South-Western Cape ‘overlap’ region 

66 between the Namaqua and Agulhas regions, making five distinct bioregions in all.  Other similar 

67 models that differ mostly by recognizing additional overlap zones, also exist (see Teske et al. 

68 2006).  One positive aspect of these competing biogeographic models of the South Africa 

69 coastline has been to stimulate recent research focusing on whether the distributional patterns of 

70 genetic variance within coastal organisms match the proposed biogeographic regions (Baldanzi 

71 et al. 2016; Evans et al. 2004; Ridgway et al. 2001; Teske et al. 2006; Teske et al. 2007; Zardi et 

72 al. 2007).  Incongruent results between studies; however, underscore the need for additional 

73 research that may help further our understanding of coastal processes and their role in driving 

74 diversification along southern African shores.  

75 Mitochondrial markers have recently been used to evaluate whether genetic diversity 

76 within South African coastal invertebrate species is distributed according to the proposed 

77 bioregions (i.e., is genetic variance partitioned along proposed biogeographic breaks).  Teske et 

78 al. (2006) studied the phylogeographic patterns for three coastal crustaceans (Exosphaeroma 

79 hylecoetes, Iphinoe truncata, and Upogebia africana) and reported not only the presence of 

80 multiple, deeply-divergent lineages within each of these species, but also a lack of 



81 correspondence in the geographic distributional breaks between the species.  More recently, 

82 Baldanzi et al. (2016) reported the presence of multiple evolutionary lineages within another 

83 coastal crustacean, the amphipod Talorchestia capensis, and found phylogeographic breaks that 

84 did not correspond with those observed by Teske et al. (2006).  Similar observations have been 

85 made for other coastal invertebrates (Evans et al. 2004; Ridgway et al. 2001; Teske et al. 2007; 

86 Zardi et al. 2007).  Although these studies failed to uncover congruent geographic patterns of 

87 genetic variance for the surveyed species, they revealed that several of these species represent 

88 complexes of deeply-divergent lineages indicating the presence of cryptic diversity among South 

89 African coastal invertebrates.  Considering that cryptic diversity has been reported for other 

90 coastal invertebrates around the world (e.g. Chan et al. 2007; Hurtado et al. 2013; Radulovici et 

91 al. 2009; Santamaria et al. 2017; Santamaria et al. 2016; Santamaria et al. 2014; Santamaria et al. 

92 2013; Varela & Haye 2012), the findings of Teske et al. (2006) and Baldanzi et al. (2016) 

93 suggest other coastal organisms in South Africa, particularly those with low vagility, may harbor 

94 previously unreported cryptic diversity.  Studying such organisms may thus further our 

95 understanding of the biogeographic patterns of southern Africa and possibly uncover new taxa.

96 Isopods of the genus Ligia are one such group of organisms characterized by low 

97 vagility.  Although found along rocky coastlines throughout the world (Schmalfuss 2003), the 

98 biology of these supralittoral isopods is marked by traits that severely limit their dispersal 

99 potential.  As all other peracarids, they lack planktonic larvae, the embryos developing instead 

100 inside a marsupium, or brood pouch, on females until hatching as fully-formed juveniles (termed 

101 manca).  Once hatched, Ligia isopods exhibit low desiccation and submergence resistance 

102 (Barnes 1936; Barnes 1938; Todd 1963; Tsai et al. 1997; Tsai et al. 1998; Zhang et al. 2016), 

103 avoid open water and quickly attempt to regain the shore when dislodged from rocks (Barnes 



104 1932; Barnes 1935), as well as exhibiting poor locomotion on non-rocky substrata.  These traits 

105 limit both their overland and overwater dispersal potential, which may lead to severely restricted 

106 gene flow between populations, long term isolation, and in turn allopatric and cryptic speciation, 

107 as has been reported for Ligia hawaiensis (Santamaria et al. 2013; Taiti et al. 2003), L. exotica 

108 and L. cinerascens (Yin et al. 2013), L. occidentalis (Hurtado et al. 2010), L. baudiniana 

109 (Santamaria et al. 2014), L. oceanica (Raupach et al. 2014), as well L. vitiensis and L. dentipes 

110 (Santamaria et al. 2017).  Phylogeographic studies of Ligia have led to the discovery of cryptic 

111 speciation in areas where marine diversification was not thought to occur (Santamaria et al. 

112 2013), as well as the discovery of distributional patterns incompatible with reigning 

113 phylogeographic paradigms (Hurtado et al. 2010).  Molecular characterization of previously 

114 unstudied species of Ligia may thus not only uncover deeply divergent lineages, representing 

115 putative cryptic species, but also be informative on the biogeography of the region under study. 

116 Ligia populations along the southern Africa coastline have yet to be characterized using 

117 molecular approaches, leaving our understanding of the biodiversity of Ligia in this area 

118 incomplete.  Currently, four valid Ligia species are thought to inhabit the region: the endemic 

119 Ligia dilatata, L. glabrata, and L. natalensis, and the introduced L. exotica, which to date is 

120 formally reported only from Durban harbour (Barnard 1932).  Of the endemic species, L. dilatata 

121 and L. glabrata were first described by Brandt (1833) from specimens collected in the ‘Cape of 

122 Good Hope’ (a vague term used by early researchers to describe any location in the then Cape 

123 Colony).  Due to the brevity of the initial descriptions, both species were re-described by Budde-

124 Lund (1885).  Inspection of specimens from the KwaZulu-Natal region led Collinge (1920) to 

125 describe L. natalensis from specimens collected from Umhlali and Winklespruit Beach.  In the 

126 same work, Collinge cast doubt on the status of L. glabrata, suggesting it to be an immature form 



127 of L. dilatata.  However, Jackson (1922) and Barnard (1932) assessed all three species and 

128 considered them to be valid, based on differences in overall body shape, length of the 2nd 

129 antenna, and shape of the stylet of the 2nd pleopod in males.  The last of these traits has been 

130 shown to be a useful character for distinguishing Ligia species, but not cryptic lineages 

131 (Santamaria et al. 2014 and references therein; see Taiti et al. 2003).  Thus, similarities in the 

132 stylet of the 2nd pleopod between Ligia species in southern Africa (see Figure 2 of Barnard 1932) 

133 and the lack of any genetic characterization in the past, leaves it unclear whether these species 

134 are indeed valid taxa, or conversely, whether they harbor any cryptic diversity, and by extension 

135 cast doubt in their reported distributional ranges.  This latter point is important, as distributional 

136 ranges of Ligia species and lineages may be informative in relation to the region’s biogeography.  

137 The current accepted geographical ranges for L. dilatata and L. glabrata are similar: both being 

138 reported from Namibia to the Cape of Good Hope (Ferrara & Taiti 1979; Schmalfuss 2003); 

139 however, L. dilatata extends eastwards to Cape Agulhas, whereas L. glabrata’s range ends at the 

140 Cape of Good Hope (Figure 1A).  Ligia natalensis is absent from the Atlantic coastline of South 

141 Africa, and is distributed from Victoria Bay (near George on the south coast of South Africa) to 

142 the KwaZulu-Natal region (Ferrara & Taiti 1979; Schmalfuss 2003).  Thus, additional 

143 investigation of the ranges of these isopods along the South Africa coast may serve to further our 

144 understanding of the biogeography and biodiversity of the South Africa coastline.  

145 In this study, we aim to determine: (1) whether the currently accepted species of Ligia 

146 from South Africa represent reciprocally monophyletic clades, (2) whether these species harbor 

147 deeply divergent lineages that may represent cryptic species in need of description, (3) the large 

148 scale distributional patterns of each of the Ligia species and lineages across southern Africa, and 

149 (4) whether distributions of these taxa/lineages along the southern African coastline match 



150 proposed biogeographic regions.  To this end we use characterized individuals collected from 18 

151 localities spanning the area between Namibia and KwaZulu-Natal, using both mitochondrial and 

152 nuclear markers.  

153

154 MATERIALS AND METHODS

155 Field sampling, preservation, and identification

156 We hand-collected Ligia individuals from 18 localities around the coastline of southern Africa 

157 between 2014–2017.  Detailed locality information for each of the samples is provided in Table 

158 1.  Sampled localities span most of the bioregions proposed to date for South Africa (Figure 1).  

159 All samples were field-preserved and stored in 70% ethanol until molecular analyses were 

160 carried out.  In the laboratory, specimens were identified to species by visual inspection of key 

161 characteristics (e.g. appendix masculina of the second pleopod of males) and comparing said 

162 traits to those reported for Ligia species in southern Africa (Barnard 1932; Ferrara & Taiti 1979).  

163 Field collections were carried out under Scientific Collection Permit RES2017/53 issued by the 

164 South African Department of Environmental Affairs.

165

166 Molecular laboratory methods

167 We extracted total genomic DNA from several pleopods for 2–15 Ligia individuals per location 

168 using the Quick g-DNA MiniPrep Kit (Zymo Research), following standard protocol 

169 instructions.  For each individual, we PCR-amplified a 658-bp fragment of the Cytochrome 

170 Oxidase I (COI) mitochondrial gene using the LCO-1490 and HCO-2198 primers and previously 

171 published conditions (Folmer et al. 1994).  We also PCR-amplified a 661-bp region of the 

172 sodium-potassium ATPase alpha subunit (NaK) gene using the NaKFb and NaKR2 primers and 



173 standard conditions (Tsang et al. 2008).  Positive PCR amplifications were determined by 

174 visualizing PCR products on 1% agarose gels stained using SYBR Safe (Invitrogen).  Positive 

175 amplicons were sequenced at the University of Arizona Genetics Core, with sequences and 

176 assembled and edited (i.e. primer removal) using Geneious R8.0.5.

177

178 Sequence alignments, phylogenetic analyses, and estimation of molecular divergence

179 The mitochondrial COI and nuclear NaK sequence datasets were aligned independently using the 

180 MAFFT server (Katoh & Standley 2013) under standard settings for nucleotide sequences.  

181 Visual inspection of the resulting alignment produced no evidence suggestive of pseudogenes 

182 (e.g. stop codons, high rates of amino acid substitutions) or indels.  Due to the limited 

183 phylogenetic signal within the NaK dataset, we did not concatenate the two datasets and carried 

184 out phylogenetic searches only on the COI resulting alignment.  Relationships within the NaK 

185 dataset were estimated using haplotype network reconstructions (see below).

186 Phylogenetic searches were carried out under both Maximum Likelihood and Bayesian 

187 inference approaches.  Maximum Likelihood phylogenetic searches were carried out in RAxML 

188 v8.1.2 (Stamatakis 2014; Stamatakis et al. 2008) and consisted of 1,000 thorough bootstrap 

189 replicates, followed by a thorough ML search under the GTR +Γ model.  We produced a 

190 majority-rule consensus tree of all bootstrap replicates using the Sumtrees command of 

191 DendroPy v4.1.0 (Sukumaran & Holder 2010).

192 We carried out Bayesian phylogenetic searches in MrBayes v3.2.5 (Ronquist & 

193 Huelsenbeck 2003) and Phycas v2.2.0 (Lewis et al. 2015).  Searches in MrBayes consisted of 

194 two simultaneous searches of four chains, each sampled every 5,000th tree, while Phycas 

195 searches consisted of a single search, sampled every 50th tree.  All Bayesian searches were 



196 carried out under the GTR +Γ model.  For each Bayesian analysis, we estimated node support 

197 values by discarding all samples prior to stationarity (10–25% of sampled trees) and calculating a 

198 majority-rule consensus tree using the Sumtrees command of DendroPy v4.1.0 (Sukumaran & 

199 Holder 2010).

200 Lastly, we used MEGA v7.0.7 (Kumar et al. 2016) to estimate COI Kimura 2-Parameter 

201 distances (K2P) within and amongst sampled localities and major lineages observed in the above 

202 phylogenetic reconstructions.

203

204 Haplotype network reconstructions

205 We used the ancestral parsimony algorithm proposed by Templeton et al. (1992) as implemented 

206 in PopART v1.7 (Leigh & Bryant 2015) to visualize relationships between all COI haplotypes 

207 recovered in this study, as well as geographic distributional patterns of genetic diversity.  We 

208 estimated branch connections using the TCS network option (Clement et al. 2000) of PopArt 

209 with networks considered separate if connections between them exceeded 33 steps (i.e. a 95% 

210 connection limit).  We repeated this approach to visualize the relationships amongst NaK alleles.

211

212 Population structure and geographical distribution of genetic diversity

213 We carried out one-way AMOVA analyses in Arlequin v3.5 (Excoffier & Lischer 2010) to 

214 explore patterns of population structure for Ligia across southern African coastlines.  Pairwise 

215 ΦST values for all localities sampled in this studied were estimated based on Tamura and Nei’s 

216 (1993) genetic distances, with significant deviations from a null hypothesis of no differentiation 

217 among populations determined using a non-parametric permutation approach based on 10,000 

218 permutations of our dataset (Excoffier et al. 1992).  



219 To explore patterns of geographic distribution of genetic variance in Ligia, we carried out 

220 two-way AMOVAs under three different biogeographical hypotheses.  Under Hypothesis 1 

221 localities were separated into four groups according to their geographic location respective to the 

222 biogeographic breaks reviewed by Teske et al. (2006).  Localities were grouped as follows: 

223 Group 1: A1–3, and B1; Group 2: B2–B5; Group 3: C1–2, D1, E1–E3, F1; Group 4: D2–D4.  

224 Hypothesis 2 clustered populations according to the biogeographic regions developed by 

225 Lombard et al. (2004) and also used by Griffiths et al. (2010).  It included the following groups: 

226 Group 1: A1–A2; Group 2: A3 and B1; Group 3: B2–B5, C1–2, D1, E1–E3, F1; Group 4: D2–

227 D4.  Specific locality information is given in Table 1.  Finally, Hypothesis 3 tested whether 

228 phylogenetic relatedness best explained the geographic distribution of genetic variance and thus 

229 grouped localities according to the six major clades (A–F) identified in our phylogenetic 

230 reconstructions (see Results).  For each hypothesis, we used Arlequin v3.5 (Excoffier & Lischer 

231 2010) to estimate Φ statistics (Wright 1949) based on Tamura and Nei’s (1993) genetic 

232 distances, with significance levels estimated using 10,000 permutations, and all other settings as 

233 default. 

234

235 RESULTS

236 We successfully amplified 658-bp of the COI mtDNA gene for 99 Ligia individuals from 18 

237 localities across southern Africa (Figure 1B).  From these individuals, we recovered 60 

238 haplotypes, which were separated by 162 parsimony informative sites.  All new COI haplotypes 

239 and NaK alleles recovered in this study have been deposited in GenBank under accession 

240 numbers XXXXXXX (Table 1). 

241



242 Phylogenetic Results

243 Preliminary analyses recovered the monophyly of southern Africa Ligia species; however, 

244 resolution and support values within the ingroup were poor.  As such, we present trees resulting 

245 of analyses excluding distant outgroups and rooted using a midpoint-root approach (Figure 2).  

246 All analytical approaches produced similar topologies and similar support values.

247 We observed a basal split between two well supported clusters of highly divergent clades: 

248 a “Western” cluster [reds and greens in all figures; Bootstrap support (BS): 100; Maximum 

249 Posterior Probability (MPP): 100%] with a geographic distribution from Namibia to the Cape 

250 Agulhas region, and an “Eastern” cluster [blues, yellows, and purples in all figures; Bootstrap 

251 support (BS): 100; Maximum Posterior Probability (MPP): 100%] that was distributed from 

252 Knysna, on the south coast of South Africa (hereafter SA), to the KwaZulu-Natal region of SA. 

253 Each of these clusters were composed of two or more highly divergent clades (clades A–F; 

254 amongst clade COI K2P divergences 3.1–17.2%, Table 2).

255 COI haplotypes assigned to the “Western” cluster were further divided into two highly 

256 divergent clades (amongst clade COI K2P divergences: 8.5–10.7%, Table 2).  Clade A (reds in 

257 all figures; BS: 93%; MPP: 100%) included all Ligia individuals sampled in Namibia (A1), as 

258 well as from two locations in South Africa: Jacob’s Bay (A2) and Ganzekraal (A3) and 

259 corresponds to the species morphologically identified as L. glabrata.  Within this clade, we 

260 observed three lineages that correspond with the sampled localities and that were moderately 

261 divergent from each other (COI K2P: 5.1–5.6%; Table 3).  The relationships between these 

262 lineages were not well supported; however, our analyses suggest a sister-taxon relationship 

263 between the lineage found in Ligia from Luderitz, Namibia (A1) and that found in Jacob’s Bay 

264 (A2) (BS: 62; MPP: <50–59).  The second clade part of the “Western” cluster, Clade B (greens 



265 in all figures; BS: 100; MPP: 100), comprised all Ligia individuals collected from localities 

266 between the Cape of Good Hope and Cape Agulhas (B1–B5) and morphologically corresponds 

267 to the species L.  dilatata.  Clade B, contrary to the Clade A, does not appear to be composed of 

268 any further divergent lineages and within-clade divergences within it were low (COI K2P: 0.0–

269 1.2%; Table 2).  

270 The “Eastern” cluster, which contained all Ligia collected from Knysna to the KwaZulu-

271 Natal region of South Africa, was composed of three highly divergent and well supported 

272 monophyletic clades (C–E; COI K2P 3.1–12.2%; Table 2) which morphologically correspond to 

273 the established species L. natalensis.  Within this cluster, clades D, E, and F (blues and purples 

274 in all figures) are placed in a well-supported clade (BS: 82; MPP: 100) with Clade C (yellows in 

275 all figures) in turn sister to this group.  Relationships between D, E, and F are not well resolved.  

276 Clade C containing all Ligia individuals collected in the Port Elizabeth area (C1–2), was highly 

277 supported across analyses (BS: 87; MPP: 98–100), and exhibited low within-clade divergences 

278 (COI K2P 0.0–1.1%, Table 2).  This clade was highly divergent from all other clades in the 

279 “Eastern” cluster (COI K2P 9.4–12.2%; Table 2) and appears genetically distinct enough to be 

280 considered a separate and previously unrecognized species within the natalensis group.  Clade D 

281 (BS: 85; MPP: 100) includes most COI haplotypes obtained from Ligia individuals collected in 

282 Knysna (D1) and the Port Edward area (D2–4).  Within clade divergence for Clade D was low 

283 (COI K2P 0.0–1.9%, Table 2).  Clade E contained all COI haplotypes recovered from 

284 individuals from the Kenton-on-Sea area (E1–2), those from Kidd’s Beach (E3), as well as one 

285 each from Knysna (D1) and Salmon Bay (D2).  Although this clade was not strongly supported 

286 by any phylogenetic analyses (BS < 50; MPP < 50), we denote it as a separate clade given the 

287 very low levels of divergence between all haplotypes in it (COI K2P average ~1.3%; Table 2), 



288 moderate amongst clade divergence when compared to haplotypes from clades D and F (COI 

289 K2P 3.5%–6.4%; Table 2), and the results of haplotype network reconstructions (Figure 3).  

290 Lastly, the well supported Clade F (cyan in all figures, BS: 100; MPP: 100) contained all 

291 individuals collected at the East London Harbor (F1) and exhibited low levels of within clade 

292 divergence (COI K2P 0.0–0.6%; Table 2)

293

294 COI haplotype network reconstructions

295 The results of our COI haplotype network reconstructions (Figure 3) largely match patterns 

296 produced by our phylogenetic analyses, as we recovered four separate networks (i.e. connections 

297 of <95%) largely corresponding to clades observed in phylogenetic reconstructions.

298 Network I (Panel I of Figure 3) contained four haplotypes recovered from Ligia 

299 individuals from Luderitz (A1), Jacob’s Bay (A2) and Ganzekraal (A3).  In Luderitz, we 

300 recovered a single haplotype that diverged by 29–30 steps from haplotypes recovered from 

301 Ganzekraal, which in turn diverged by 31–32 steps from the single haplotype recovered in 

302 Jacob’s Bay.  This network closely parallels the patterns observed for Clade A in our 

303 phylogenetic reconstructions and contains all individuals morphologically identified as L. 

304 glabrata.

305 Network II (Panel II of Figure 3) contained all 14 haplotypes recovered from Ligia 

306 collected between the Cape of Good Hope and Cape Agulhas (B1–B5) and closely matches 

307 Clade B.  Divergences in this network were low, with most connections between haplotypes 

308 being only 1–2 steps and the maximum connection between haplotypes being 11 steps.  These 

309 correspond to L. dilatata. Despite such short connections, the network suggests some isolation 

310 between localities, as no sharing of haplotypes is observed.  Furthermore, haplotypes recovered 



311 within a single location appear to be much more similar (1–2 steps) than to those found at other 

312 locations in the region (~4 steps).

313 Network III (Panel III of Figure 3) consisted of six haplotypes recovered from four Ligia 

314 collected in localities near Port Elizabeth (C1–2) and corresponds with Clade C from our 

315 phylogenetic findings.  As observed in Network II, connections between haplotypes are very 

316 short, as most haplotypes are connected by 1–2 steps and the maximum span between haplotypes 

317 is 6 steps.  This group appears to represent a previously undescribed species most closely related 

318 to L. natalensis.

319 Lastly, Network IV (Panel IV of Figure 3) contained 32 haplotypes divided into three sub-

320 networks separated by <17 steps.  These sub-networks appear to correspond with clades D–F 

321 from our phylogenetic results and represent the L. natalensis species complex.  One sub-network 

322 (blues in Figure 3) contained all but two haplotypes from localities around Knysna (D1) and Port 

323 Edward (D2–4).  Another sub-network (purples in Figure 3) contained all the haplotypes 

324 collected in the localities of Kenton-on-Sea (E1–2) and Kidd’s Beach (E3).  Intermediate to these 

325 two subnetworks is a small subnetwork of four haplotypes recovered from individuals collected 

326 in East London (F1; cyan in Figure 3).  In general, haplotypes collected from the same locality 

327 are much more similar to each other (<6 steps) than those from others (>10 steps), with two 

328 exceptions.  A COI haplotype recovered from a Ligia individual collected in Salmon Bay (D2) 

329 was much more similar to those found in Kidd’s Beach (E3; 4–6 steps) than others from its own 

330 location (>26 steps).  This haplotype was not observed in any other Ligia individual from any 

331 other locality.  The other exception was a COI haplotype collected from an individual collected 

332 in Knysna (D1) that was shared with individuals from the Kenton-on-Sea area (E1–2).  These 



333 patterns are congruent with the amongst-locality divergences where these lineages were found 

334 (Tables 4 and 5). 

335

336 NaK haplotype network reconstructions

337 NaK haplotype network reconstructions (Figure 4) were congruent with the above results; 

338 however, they produced much simpler patterns.  We uncovered four NaK alleles separated by 1–

339 10 steps: one allele shared by all surveyed individuals within Clade A (L. glabrata), one shared 

340 by all individuals within Clade B (L. dilatata), and two alleles from individuals from within the 

341 “Eastern” Cluster (L. natalensis).  These latter two alleles were much more similar to each other 

342 (1 step) than to the other two recovered alleles (7–9 steps).  The allele founds in the other clades 

343 were also highly divergent from those found in other clades, with the Clade A allele separated by 

344 5–10 steps from other alleles and that found in Clade B being separated by 5–9 steps.  These 

345 patterns reinforce mitochondrial findings and are concordant with the deep divergences observed 

346 in the COI dataset.

347

348 Population structure and geographical distribution of genetic diversity

349 Our initial one-way AMOVA produced evidence of strong population sub-division amongst all 

350 localities included in this study (ΦST = 0.92006; p < 0.001).  Furthermore, most pairwise ΦST 

351 were significant (data not shown), with only 11 exceptions.  Of these, seven exceptions involved 

352 comparisons between Luderitz (A3) and other localities (A2–3, B1–2, B3, C1, E1). Two other 

353 exceptions occurred when comparing Kenton-on-Sea (E2) to Boesmansriviermond (E1) and to 

354 Salmon Bay (D2).  The other exceptions were observed between Jacobsbaai (A2) and 

355 Skoenmakerskop (C1), and Skoenmakerskop (C1) and Summerstrand (C2).  Despite not 



356 achieving significance, all pairwise comparisons, with the exception of those between C1–C2, 

357 D2–E2, and E1–E2, produced ΦST values above 0.80.  These findings suggest a strong pattern of 

358 population sub-division across Ligia populations.

359 Two-way AMOVA results (Table 6) suggest that Hypotheses 1 and 3 are appropriate 

360 explanations for the geographic distribution of the genetic variance for Ligia in southern Africa.  

361 Under these hypotheses, amongst group variance (VA) explained 64.55% (H1) and 85.22% (H3) 

362 of the total variance in the COI dataset.  Under Hypothesis 2, VA explained 30.71% of the total 

363 variance.  Lastly, hypotheses 1 and 3 produced high ΦCT values (H1: ΦCT = 0.64552; H3: ΦCT = 

364 0.85218).  These values more than doubled those observed for hypothesis 2 (H2: ΦCT = 

365 0.30711).

366

367 DISCUSSION

368 Currently, three Ligia species endemic to the southern Africa coastlines are accepted as valid: L. 

369 glabrata, L. dilatata, and L. natalensis (Schmalfuss 2003); however, their morphological 

370 similarity (Barnard 1932; Collinge 1920) and reports of possible cryptic species in other Ligia 

371 species (Hurtado et al. 2010; Raupach et al. 2014; Santamaria et al. 2017; Santamaria et al. 2014; 

372 Santamaria et al. 2013; Taiti et al. 2003; Yin et al. 2013) cast doubt on whether these taxa in fact 

373 represent true biological species, junior synonyms, or cryptic species complexes in need of 

374 further description and taxonomic revision.  By applying molecular and morphological 

375 approaches to Ligia individuals sampled from Namibia and around the coastline of South Africa 

376 to the KwaZulu-Natal region, we report evidence suggesting that two of the three currently valid 

377 species of Ligia in the region appear to be cryptic species complexes.  Thus, the current 



378 taxonomic standing of Ligia isopods in southern Africa underrepresents the true biodiversity of 

379 these isopods.  

380 Our phylogenetic reconstructions consistently place individuals putatively identified to a 

381 given species based on morphological characteristics in highly supported and highly divergent 

382 reciprocally monophyletic clades.  All individuals putatively identified as L. glabrata were 

383 placed in Clade A (red and pink in all figures), those identified as L. dilatata in Clade B (greens 

384 in all figures), and all putative L. natalensis individuals with the “Eastern” cluster (clades C–E; 

385 yellow, blues and purples in all figures).  Two of these clades; however, are composed of highly 

386 divergent lineages that may represent cryptic species in need of taxonomic description.  Clade A, 

387 which can be identified as L. glabrata based on morphology, and the “Eastern” cluster, 

388 morphologically identified as L. natalensis, are composed of moderately to highly divergent 

389 (COI K2P >4%) lineages that exceed within-species levels of divergence reported for other 

390 isopods (Hurtado et al. 2013; Hurtado et al. 2014; Hurtado et al. 2010; Santamaria et al. 2014; 

391 Santamaria et al. 2013; Xavier et al. 2012) and invertebrate species (Hebert et al. 2003).  For 

392 instance, Clade A is composed of three highly divergent lineages (COI K2P 5.1–5.6%; Table 3) 

393 that are geographically disjunct: one found in Namibia (A1), with the other two found in 

394 localities north of Cape Town, South Africa (A2, A3).  Within the “Eastern” cluster we observe a 

395 deep split between Clade C and the other lineages within the cluster (COI K2P 9.4–12.2%; Table 

396 2), as well as a moderately divergent split between clades D, E, and F (COI K2P 3.1–6.4%; 

397 Table 2).  Although within-clade divergences between localities in Clade B was much lower than 

398 other clades (COI K2P 0.0–1.2%), differentiation between populations appears to be ongoing, as 

399 there were no shared haplotypes between sampled locations (Figure 3).



400 The presence of possible cryptic Ligia species in southern Africa is in line with recent 

401 studies of other species in this genus from other regions.  Hurtado et al. (2010) reported the 

402 presence of seven major clades (amongst clade divergences: 7.3–29.9% COI K2P) in the area 

403 from Central California to Central Mexico, an area previously thought to harbor a single endemic 

404 species: Ligia occidentalis.  The presence of multiple species of Ligia in that region is also 

405 supported by past experimental reciprocal crosses that produced no viable offspring between 

406 localities now known to be highly divergent (McGill 1978).  Santamaria et al. (2013) found that 

407 Ligia hawaiensis, the single intertidal Ligia species considered endemic to the Hawaiian 

408 archipelago, is a paraphyletic complex of at least four highly divergent lineages (amongst clade 

409 divergences: 10.5–16.7% COI K2P).  The presence of multiple divergent lineages has also been 

410 reported for L. baudiniana (Santamaria et al. 2014), L. exotica (Yin et al. 2013), and L. oceanica 

411 (Raupach et al. 2014) as well as other Ligia species in the Indian Ocean (Santamaria et al. 2017).  

412 Our findings thus represent another example of underreported biodiversity for Ligia isopods and 

413 underscore the necessity for the molecular characterization of Ligia populations from other 

414 regions of the world and taxonomic descriptions of cryptic lineages as species.

415 The presence of cryptic lineages in southern African Ligia are also in accordance with 

416 recent studies reporting the presence of possible cryptic species among other groups of coastal 

417 invertebrates along the coastline of South Africa (Baldanzi et al. 2016; Evans et al. 2004; 

418 Ridgway et al. 2001; Teske et al. 2006; Teske et al. 2007; Zardi et al. 2007).  To date, deeply 

419 divergent mitochondrial lineages have been reported for four other South African coastal 

420 crustacean species.  Teske et al. (2006), using the same region of the mitochondrial COI gene as 

421 used in this study, uncovered three cryptic lineages each for the coastal isopod Exosphaeroma 

422 hylecoetes and for the cumacean Iphinoe truncata, and two such lineages for the decapod 



423 Upogebia africana.  More recently, Baldanzi et al. (2016) used a similar approach to Teske et al. 

424 (2006) to study the coastal amphipod Talorchestia capensis, reporting the presence of at least 

425 three deeply-divergent lineages in this species.  As with Ligia, the lineages reported for these 

426 species were largely geographically isolated and non-overlapping.

427 The distributional limits of the lineages reported by these authors are not congruent 

428 amongst previously studied species and/or with Ligia patterns reported herein.  The three E. 

429 hylecoetes lineages reported by Teske et al. (2006) were a “South” lineage distributed from east 

430 of Cape Agulhas to KwaZulu-Natal (near Port St. Johns), a “South-West” lineage distributed 

431 between Cape Agulhas and the Cape of Good Hope, and a “West” lineage found west of the 

432 Cape of Good Hope.  The I. truncata lineages exhibited dissimilar distributional ranges: a 

433 “South-West” lineage was reported from locations east of Cape Agulhas to the Goukou area, a 

434 “South” lineage ranged from the Touws Estuary to the Sundays Estuary, while the “East” lineage 

435 was reported from the Boknes Estuary to KwaZulu-Natal (Kosi Estuary).  Lastly, for U. 

436 africana, a “West” lineage was found in the west and southeast coastlines (Olifants Estuary to 

437 Mbhanyana Estuary) with the “East” lineage reported from southeast and east coastline locations 

438 (Haga-Haga Estuary to Mkomazi Estuary).  Meanwhile, the T. capensis lineages reported by 

439 Baldanzi et al. (2016) included a “South-West” lineage spanning the region between Port Nolloth 

440 in the west coast of South Africa to Gouritzmound in the south, a “South” lineage occurring from 

441 Glentana to Gouritzmound, and a “South-East” lineage distributed largely from Port Alfred to 

442 Port St. Johns.  The distributional limits for these lineages thus contrast with those we report for 

443 Ligia species in the region.  Broadly speaking, we observe three major distributional breaks: the 

444 Cape of Good Hope area appears to be the southernmost limit to Clade A or the L. glabrata 

445 species complex and the westernmost limit for Clade B or L. dilatata, Cape Agulhas which 



446 represents the easternmost range for Clade B, and the Knysna area where the westernmost limit 

447 for the “Eastern” cluster lies.  Note, however, that the exact transition point between these two 

448 clusters cannot be accurately determined from the data at hand, given the approximately 370 km 

449 of yet to be sampled coastline between Cape Agulhas and Knysna.

450 The lack of congruence amongst species suggest that the evolutionary histories of coastal 

451 species in southern Africa may have been shaped by different forces, rather than by a shared 

452 evolutionary history.  In the case of Ligia from southern Africa, the cryptic genetic diversity 

453 herein reported may be the result of the interplay between biological traits severely limiting 

454 dispersal ability (direct development, poor desiccation tolerance, no planktonic life stages), 

455 patchiness of the rocky habitats preferred by Ligia isopods, and ecological differences amongst 

456 regions along the expansive geographic area covered in this study.  The absence of haplotype 

457 sharing between localities, even at fairly small geographic scales (e.g. Clade B localities), are 

458 indicative of severely restricted dispersal and allopatric isolation of populations, while the 

459 geographic distribution of lineages largely along biogeographic regions suggests ecological 

460 differences have played a role in the evolution of Ligia in the region.  Most lineages appear to 

461 exhibit geographical limits constrained by previously proposed biogeographic breaks (see Teske 

462 et al. 2006 and references therein).  Furthermore, AMOVA analyses under a widely applied 

463 biogeographic hypothesis of South Africa (H1) explain the partitioning of genetic variation at a 

464 comparable rate to a hypothesis where groups were clustered by phylogenetic relatedness (H3). 

465 The breaks observed in southern Africa Ligia largely correspond with the limits of areas 

466 known to differ in their physical characteristics due to the varying influences of the Atlantic 

467 Ocean and Indian Ocean, and their corresponding currents: the Benguela and Agulhas Currents.  

468 Colder currents are associated with the Atlantic Ocean and the west coast of southern Africa, 



469 while the warmer currents of the Indian Ocean wash the coastal habitats of eastern southern 

470 Africa.  The region between exhibits a gradient where the oceans meet.  As such, these areas are 

471 known to differ in both abiotic factors, such as Sea Surface Temperatures (SST) and their 

472 seasonal variability, as well as biotic factors, such as surface chlorophyll (Demarcq et al. 2003) 

473 and primary productivity (Bustamante et al. 1995).  These differences may affect the distribution 

474 of Ligia lineages in southern Africa.  Ligia species are known to be differentially affected by 

475 physical factors, such as salinity, pH, and substrate moisture levels (Barnes 1932; Barnes 1934; 

476 Barnes 1935; Tsai et al. 1997; Tsai et al. 1998; Zhang et al. 2016), all of which are known to 

477 correlate with mean SST (Kawai & Wada 2007; Rayner et al. 2003; Tang 2012; van den Dool & 

478 Nap 1985).  Variability amongst lineage differences in susceptibility to ecological differences 

479 have been proposed as a mechanism for the distributional patterns observed for Ligia lineages 

480 along the western coast of the United States (Eberl et al. 2013), suggesting differences in abiotic 

481 factors, such as ocean current and SST, across the southern Africa coastline affects the 

482 geographic distribution of Ligia lineages in the region.  Additional work remains necessary to 

483 determine which ecological covariates shape the distribution of the lineages.

484 Future research may also prove helpful in determining the causal agent of local patterns 

485 that appear to be exceptions to large scale patterns herein reported; in particular: the distribution 

486 of Clade C amidst the geographic range of Clade DEF, the close relationship between Ligia from 

487 Knysna (D1) and those from the Port Edward area (D2–4), as well as the rare sharing of 

488 haplotypes between distant populations.  Further sampling along biogeographic breaks may help 

489 elucidate the geographic ranges of the lineages reported herein and help fully resolve their 

490 distributional extents.  Similarly, expanding sampling to additional areas of the southern Africa 

491 coastline may help determine whether additional cryptic lineages exist in yet to be sampled 



492 localities. This is particularly true for the area between Knysna and Port Elizabeth, as well as the 

493 area between Cape Town and Namibia, where our sampling was not as extensive.  As our 

494 sampling efforts consisted of a single visit to each site, future work should consider sampling 

495 different microhabitats or tidal levels at given localities and/or re-sampling localities included in 

496 this study at different periods of the year.  Combining such efforts with sampling of new 

497 localities will not only help determine the geographic ranges of Ligia lineages and species in the 

498 region, but also help determine whether these are sympatric or truly allopatric.  Lastly, additional 

499 work will be needed to formally describe the cryptic lineages into species.

500

501 CONCLUSIONS

502 By using both nuclear and mitochondrial markers, we have detected the presence of several 

503 cryptic lineages within nominal Ligia species in southern Africa.  Lineages herein reported may 

504 represent putative cryptic species in need of description.  Thus additional taxonomic work is 

505 needed to identify potential diagnostic characters.  Further work may also help fully discern the 

506 distributional patterns for Ligia lineages and the drivers of diversification for the genus in the 

507 region.
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Figure 1(on next page)

Biogeographic regions of Southern Africa and sampled localities

Panel A: Bioregion breaks as described by Lombard et al. (2004) and Griffiths et al. (2010).

This model differs from others by recognizing the South Western Cape bioregion, an overlap

region between the Namaqua and the Agulhas bioregion. This is identified in Panel A by an

asterisk. Proposed breaks under this model include Sylvia Hill (Namib and Namaqua), Cape

Columbine (Namaqua and South Western Cape), Cape Point (South Western Cape and

Agulhas), Moashe River (Agulhas and Natal), and Cape Vidal (Natal and Delagoa). Panel B:

Locations sampled in southern Africa. Locations are as follows: (A1) Luderitz, (A2) Jacobsbaai,

(A3) Ganzekraal, (B1) Kommetjie, (B2) Koeelbai, (B3) Onrus, (B4) Gansbaai, (B5) L’Agulhas,

(C1) Skoenmakerskop, (C2) Summerstrand, (D1) Knysna, (E1, E2) Boesmansriviermond and

Kenton-on-Sea, (E3) Kidd’s Beach, (F1) East London Harbor, (D2-D3) Salmon Bay and Ivy

Beach, (D4) Uvongo Beach.
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Figure 2(on next page)

Phylogenetic patterns of Ligia from southern Africa

We observed three monophyletic groups that largely match currently valid species of Ligia in

southern Africa; however, additional genetic divergence was observed within some of these

groups. Six major clades were observed (Clade A: reds; Clade B: greens; Clade C: yellows;

Clade D: blues; Clade E: purples; Clade F: cyan) containing seven moderately to highly

divergent lineages. Most of the lineages contained haplotypes from geographically nearby

localities. Clades and lineages exhibit mostly disjunct geographic distributions matching

biogeographic regions; however, exceptions exist. Values above branches represent support

values for the corresponding branch (top value: Bootstrap Support; bottom: Maximum

Posterior Probablities; *: 100 in all analyses).
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Figure 3(on next page)

Haplotype networks for the COI mitochondrial gene fragment of Ligia from southern

Africa.

Colors correspond with those used in other figures. Black circles represent inferred

unsampled haplotypes with numbers along branches showing number of nucleotides

differences between haplotypes. Frequency of haplotype recovery is represented through the

relative sizes of the circles. Each panel (I, II, III, IV) represent networks which are more than

5% different. Locality labels correspond with those in Figure 1 and Table 1.
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Figure 4(on next page)

Haplotype networks for the nuclear gene NaK for Ligia from southern Africa

Colors correspond with those in all other figures with locality labels corresponding with those

in other figures and Table 1. Unsampled or missing alleles are denoted by empty circles with

numbers along branches indicating number of mutational steps separating alleles. Circle

sizes and color proportions within them are relative to allele frequencies.
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Table 1(on next page)

Localities included and corresponding GenBank Accession Numbers for all genetic

markers used, latitude, and longitude.

Map labels correspond with other figures and tables.



1

Species Locality
Map 

Label
NA Nh

B COI

Acc. Nos.

NaK

Acc. No.
Latitude Longitude

L. glabrata Luderitz, Namibia A1 2 1 XXXXXX XXXXXX 26°39'47"S 15°04'55"E

L. glabrata Jacobsbaai, South Africa A2 3 1 XXXXXX XXXXXX 32°58'26"S 17°53'06"E

L. glabrata Ganzekraal, South Africa A3 5 2 XXXXXX XXXXXX 33°31'18"S 18°19'19"E

L. dilatata Kommetjie, South Africa B1 4 3 XXXXXX N/A 34°08'17"S 18°19'24"E

L. dilatata Koelbaai, South Africa B2 4 2 XXXXXX XXXXXX 34°14'51"S 18°51'15"E

L. dilatata Onrus, South Africa B3 5 4 XXXXXX N/A 34°25'13"S 19°10'35"E

L. dilatata Gansbaai, South Africa B4 5 2 XXXXXX XXXXXX 34°35'10"S 19°20'34"E

L. dilatata L'Agulhas, South Africa B5 10 4 XXXXXX XXXXXX 34°49'26"S  20°01'01"E 

L. natalensis Knysna, South Africa D1 4 3 XXXXXX XXXXXX 34°02'16"S 23°01'09"E

L. natalensis Skoenmakerskop, South Africa C1 3 3 XXXXXX XXXXXX 34°02'45"S 25°38'01"E

L. natalensis Summerstrand, Port Elizabeth, South Africa C2 4 1 XXXXXX XXXXXX 33°59'01"S 25°40'16"E

L. natalensis Boesmansriviermond, South Africa E1 5 2 XXXXXX N/A 33°40'51"S 26°39'20"E

L. natalensis Kenton-on-Sea, South Africa E2 10 7 XXXXXX XXXXXX 33°41'41"S 26°39'54"E

L. natalensis Kidd's Beach, South Africa E3 10 5 XXXXXX XXXXXX 33°08'50"S 27°42'10"E

L. natalensis East London Harbor, South Africa F1 5 4 XXXXXX XXXXXX 33°01'28"S 27°53'26"E

L. natalensis Salmon Bay, Port Edward, South Africa D2 9 6 XXXXXX XXXXXX 31°03'43"S 30°13'23"E

L. natalensis Ivy Beach, Port Edward, South Africa D3 9 1 XXXXXX N/A 31°01'44"S 30°14'37"E

L. natalensis Uvongo Beach, Margate, South Africa D4 10 6 XXXXXX XXXXXX 30°49'59"S 30°23'56"E

2

3 A: Number of individuals sampled in location 

4 B: Number of unique COI haplotypes in location

5

6



Table 2(on next page)

Pairwise amongst clade COI K2P divergences.

Ranges represent minimum and maximum values obtained when comparing individuals

amongst clades, with values in parenthesis representing average divergences between

members of various clades.



1

Clade A Clade B Clade C Clade D Clade E Clade F

Clade A
0.0-5.6%

(3.7%)

Clade B
8.5-10.7%

(9.4%)

0.0-1.2%

(0.5%)

Clade C
13.2-15.3%

(14.1%)

13.3-14.6%

(13.8%)

0.0-1.1%

(0.4%)

Clade D
14.9-16.8%

(15.7%)

15.4-17.0%

(16.2%)

10.3-12.0%

(11.2%)

0.0-1.9%

(0.7%)

Clade E
14.3-17.2%

(15.4%)

15.1-16.6%

(15.6%)

9.4-12.1%

(10.0%)

3.5-6.3%

(4.5%)

0.0%-5.4%

(1.3%)

Clade F
15.1-16.9%

(15.6%)

15.5-16.5%

(15.9%)

11.0-12.2%

(11.5%)

3.6-6.4%

(4.1%)

3.1%-6.4%

(3.8%)

0.0-0.6%

(0.4%)

2

3



Table 3(on next page)

Pairwise divergences for localities/lineages from Clade A as determined by COI K2P.

Ranges represent minimum and maximum values obtained when comparing individuals from

different sampling localities, with values in parenthesis representing average divergences

between members of said localities.



1

A1 A2 A3

A1
0.0–0. 0%

(0.0%)

A2
5.6–5.6%

(5.6%)

0.0–0. 0%

(0.0%)

A3
5.1–5.2%

(5.2%)

5.2%–5.4%

(5.2%)

0.0–0.2%

(0.1%)

2

3



Table 4(on next page)

Within Clade divergences for populations from Clade D as determined by COI K2P.

Ranges represent minimum and maximum values obtained when comparing individuals from

different sampling localities, with values in parenthesis representing average divergences

between members of said localities.



1

D1 D2 D3 D4

D1
0.0–4.6%

(2.0%)

D2
0.8–4.8%

(1.9%)

0.0–4.8%

(1.2%)

D3
0.8–4.1%

(1.6%)

0.3–4.6%

(0.9%)

0.0–0.0%

(0.0%)

D4
0.9–4.1%

(1.8%)

0.5–4.3%

(1.2%)

0.8–1.2%

(1.0%)

0.0–0.8%

(0.4%)

2

3



Table 5(on next page)

Within Clade divergences for populations from Clade E as determined by COI K2P.

Ranges represent minimum and maximum values obtained when comparing individuals from

different sampling localities, with values in parenthesis representing average divergences

between members of said localities.



1

E1 E2 E3

E1
0.0–0.5%

(0.3%)

E2
0.2–4.7%

(0.9%)

0.0–4.9%

(1.2%)

E3
0.8–1.7%

(1.2%)

0.8–5.4%

(1.8%)

0.0–1.4%

(0.8%)

2

3



Table 6(on next page)

Analysis of Molecular Variance (AMOVA) testing of the partitioning the genetic variation

under three biogeographical hypotheses.



 Source of variation defe1 SS2 Variance3 Vare %4 Φ-statst p>0e0t6

Hypothesis 1:

Biogeographic regions per Tesk et al. (2006)

Among groups 3 2100.826 23.85643 64.55 0.64552 ***

Among populations 14 918.605 10.60350 28.69 0.93244 ***

Within populations 93 232.200 2.49677 6.76 0.80941 ***

Hypothesis 2:

Biogeographic regions per Lombard et al. (2014)

Among groups 3 1036.466 11.01162 30.71 0.30711 0.01436

Among populations 14 1982.964 22.34764 62.33 0.93037 ***

Within populations 93 232.200 2.49677 6.96 0.89950 ***

Hypothesis 3:

As per monophyletic lineages (This study)

Among groups 5 2785.060 30.90661 85.22 0.85218 ***

Among populations 12 234.370 2.86421 7.90 0.93116 ***

Within populations 93 232.200 2.49677 6.88 0.53427 ***
1: Degrees of freedom
2: Sum of Squares
3: Variance
4: Percentage of variance explained by organizational level
5: Φ-statistics
6: p-values for Φ and components of variance (ΦCT and VA; ΦST and VB; ΦSC and VC). ** P < 0.01; *** P < 0.001


