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Background. Intertidal rocky shore surveys along the South African coastline (~3 000 km)
have demonstrated the presence and abundance of the encrusting orange sponge
Hymeniacidon perlevis (Montagu, 1814), a well-known globally invasive species. Its species
identity, however, is in doubt pending molecular confirmation. The purpose of this
investigation was to confirm the presence of H. perlevis in South Africa, determine its
distribution in the intertidal rocky shore ecosystem, and compare its genetic diversity to
other congeners in South Africa and globally. Methods. We surveyed the entire South
African coastline from west to east at 47 rocky shore sites, which confirmed that
populations of this sponge occur in most wave and non-wave exposed mid-shore intertidal
habitats between Lüderitz (Namibia) and Dwesa/Cwebe (South Africa) and that its current
distribution spans over 2000 km of coastline. It does not occur on the intertidal rocky
shores of the subtropical South African east coast. DNA sequences of the nuclear rDNA
internal transcribed spacers (ITS1) and the COI mitochondrial gene were obtained from 61
samples, from populationsseparated by distances of 20 to 2500 km, spanning from the
west to the south coasts of South Africa. Results. The sequences were compared to
congeners in GenBank and were found to be 99-100% identical to the other H. perlevis and
H. sinapium sequences. These data conclusively document the presence of H. perlevis in
South Africa as well as assign the species to a relatively wide geographical range spanning
more than 2 000 km. This species should thus be added to the invasive list.
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32 Abstract

33 Background. Intertidal rocky shore surveys along the South African coastline (~3 000 km) have 

34 demonstrated the presence and abundance of the encrusting orange sponge Hymeniacidon 

35 perlevis (Montagu, 1814), a well-known globally invasive species. Its species identity, however, 

36 is in doubt pending molecular confirmation. The purpose of this investigation was to confirm the 

37 presence of H. perlevis in South Africa, determine its distribution in the intertidal rocky shore 

38 ecosystem, and compare its genetic diversity to other congeners in South Africa and globally. 

39 Methods. We surveyed the entire South African coastline from west to east at 47 rocky shore 

40 sites, which confirmed that populations of this sponge occur in most wave and non-wave 

41 exposed mid-shore intertidal habitats between Lüderitz (Namibia) and Dwesa/Cwebe (South 

42 Africa) and that its current distribution spans over 2000 km of coastline. It does not occur on the 

43 intertidal rocky shores of the subtropical South African east coast. DNA sequences of the nuclear 

44 rDNA internal transcribed spacers (ITS1) and the COI mitochondrial gene were obtained from 

45 61 samples, from populations separated by distances of 20 to 2500 km, spanning from the west 

46 to the south coasts of South Africa. 

47 Results. The sequences were compared to congeners in GenBank and were found to be 99-100% 

48 identical to the other H. perlevis and H. sinapium sequences. These data conclusively document 

49 the presence of H. perlevis in South Africa as well as assign the species to a relatively wide 

50 geographical range spanning more than 2 000 km. This species should thus be added to the 

51 invasive list.

52
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63 Introduction

64 Biological invasions are becoming more common due to global environmental change and 

65 undetected transportation associated with increased global trade and other anthropogenic 

66 activities (Dijoux, Viard & Payri, 2014). Invasive species have widespread, disjunct distributions 

67 and are typically abundant in their non-native environments (Lloret et al., 2004). Marine alien 

68 invasive species are recognized as one of the major drivers of global biodiversity loss (Molnar et 

69 al., 2008; Keller et al., 2011). 

70 Coastal marine ecosystems are particularly prone to species introductions especially 

71 intertidal rocky shores around the world. This ecosystem has been severely impacted by invasive 

72 species, particularly by mussels, crabs, bryozoans, ascidians, algae and barnacles (Mackie, 

73 Keough & Christidis, 2006; Haydar et al., 2011; Pérez-Portela et al., 2013; Lee et al., 2014; Pfaff 

74 et al., 2022). A well-known example is the world-wide dispersal of the brown mussel Perna 

75 perna (Linnaeus, 1758) from its indigenous range in the Red Sea, eastern and southwestern 

76 Africa to the Gulf of Mexico, the Atlantic coast of South America, southern India, and Sri Lanka 

77 (Douek et al., 2021). The populations in the western Mediterranean and the adjacent Atlantic 

78 coast are considered cryptogenic (Douek et al., 2021). Another example is Mytilus 

79 galloprovincialis (Lamarck, 1819), indigenous to the Mediterranean, Adriatic, and Black Seas 

80 which has since expanded to Japan, South Africa, China, the United States, Canada, Korea, 

81 Australia, and Mexico (Zardi et al., 2007). Furthermore, poleward range shifts, whereby tropical 

82 species move into subtropical and temperate regions, have become increasing common 

83 (VanDerWal et al., 2013; Lourenço et al., 2017), facilitating a new suite of invasions via climate-

84 mediated thermal shifts (Haydar et al., 2011; Carballo et al., 2013; Carbonell, Wang & Stoks, 

85 2021).

86 Hymeniacidon perlevis (Montagu, 1814) are the most widely distributed sponges in the 

87 intertidal (up to 3 m above the low tide line) (Gastaldi et al., 2018; Regueiras et al., 2019; 

88 Turner, 2020, de Voogd et al., 2022) and this range is partly due to several introduction events 

89 (Turner, 2020). This very prolific encrusting orange sponge was first described from Devon, 

90 southwest England, Northern Hemisphere as Spongia perlevis Montagu, 1814. The type locality 

91 has very similar environmental conditions to the west coast of South Africa (Smit et al., 2013). 

92 This is one of the most common intertidal species of Europe (Erpenbeck and Van Soest, 2002).
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93 The original description is very confusing and vague, with no figures of the diagnostic 

94 characters (see Montague, 1814, pp. 86). Erpenbeck & Van Soest (2002) described H. perlevis as 

95 thickly encrusting and orange-brown in the dry condition. The surface is covered with irregularly 

96 shaped short papillae and small digitations. Consistency is fleshy, with the colour in life varying 

97 from orange to blood-red depending on geographical location (Ackers, Moss & Picton, 2007). 

98 The ectosomal skeleton is a dense crust, being paratangential as opposed to having a strictly 

99 tangential arrangement. The choanosomal skeleton is less dense, with wispy bundles following a 

100 wavy course to the surface, and many single spicules in confusion. Styles, slightly curved, often 

101 with a faint tylote swelling subterminally, 152–475 × 3–12 µm. 

102 To date, genetic and morphological data support a distribution that includes the Atlantic 

103 coast of Europe (Portugal, Spain) to the Mediterranean (Adriatic Sea) and Canary Islands 

104 (Ackers, 2007; Alex et al., 2012), the Atlantic coasts of North and South America (Florida, 

105 Argentina), the Pacific coast of North America (California) and Asia (Japan, China and Korea) 

106 (Erpenbeck and Van Soest, 2002; Gastaldi et al., 2018; Schwindt et al., 2020; Turner, 2020) (Fig. 

107 1). The species was also described from New Zealand, Australia, West Africa, Namibia, South 

108 Africa, Canada (British Columbia) and the Pacific coast of South America (Bergquist, 1970; 

109 Erpenbeck and Van Soest, 2002; Samaai and Gibbons, 2005; Regueiras et al., 2019; Harbo et al., 

110 2021) (Fig. 1), but no genetic data are available for these populations. Apart from this, H. 

111 perlevis also has 27 synonymized names from approximately 100 localities globally (de Voogd 

112 et al., 2022). It is thought to have been introduced to the Mediterranean, Adriatic, and Black 

113 Seas, presumably from Southern England, but also occurs in Japan, China, the United States, 

114 Argentina, Korea; the vector is unknown (Turner, 2020). However, its widespread presence 

115 today in California, Argentina, Korea, and China may well be explained by introductions from 

116 other areas (Turner, 2020). In South Africa, H. perlevis, is not listed as an invasive species 

117 (Robinson et al., 2005; Mead et al., 2011). 

118 To date, no studies have been conducted in South Africa to determine the taxonomic 

119 status of H. perlevis, commonly known as “the crumb of bread sponge”. This species is 

120 conspicuous to the South African intertidal shores and was first recoded from Saldanha Bay, 

121 False bay and Hout Bay during the Scotia’s expedition in the early 1900 by Stephens (1915). 

122 Stephens (1915) identified and described two Saldanha Bay species respectively that are now 

123 within the genus Hymeniacidon: Halichondria caruncula (Bowerbank, 1858), which is regarded 
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124 as a junior synonym of Hymeniacidon perlevis (Montagu, 1814) (Ackers, Moss & Picton, 2007; 

125 de Voogd et a., 2022),  and Leucophloeus styliferus Stephens, 1915, which is now accepted as 

126 Hymeniacidon stylifera (Stephens, 1915) (see de Voogd et al., 2022). Penrith and Kensley (1970) 

127 and Day (1974) reported the presence of H. perlevis in South Africa based on the published 

128 works by Stephenson (1938, 1944, 1948). Additionally, Branch et al. (2005) listed H. perlevis in 

129 their field guide to the region and recorded its distribution as occurring from Port Nolloth on the 

130 west coast to East London on the east coast. Hymeniacidon perlevis was first described in detail 

131 from the west coast of South Africa by Samaai & Gibbons (2005). During the 2001 Saldanha 

132 Bay port survey (Awad et al., unpublished Report), the species was not recoded; no Porifera 

133 were included in in the geographical analyses of Emanuel (1992) and Awad et al. (2002). Penrith 

134 and Kensley (1970a) recorded the presence of H. perlevis from the intertidal region of Lüderitz, 

135 Namibia. From Rocky Point to the Kunene River north of Lüderitz, the species was not recorded 

136 (Penrith and Kensley, 1970b; Kensley & Penrith, 1980). 

137 Hymeniacidon perlevis larvae are lecithotrophic, ciliated to some extent, with a relatively 

138 short planktonic life resulting in low dispersal capacity (Maldonado, 2006; Xue et al., 2009). The 

139 regional or global distribution has been attributed to maritime traffic (Gastaldi et al., 2018; 

140 Turner, 2020). The difficulty in distinguishing sponge species has implications that go beyond 

141 systematic research, affecting ecological studies and management initiatives. When dealing with 

142 potentially invasive species, reliable taxonomy is essential. Hymeniacidon perlevis is recognized 

143 as a morphologically uniform species throughout its distribution. However, given the potential 

144 for significant population structure owing to the presumed limited dispersal capacity, we wanted 

145 to determine whether morphological uniformity corresponds with genetic uniformity in this 

146 geographically widespread species. 

147 In the present study, we employed the analyses of two molecular markers, the 

148 mitochondrial cytochrome c oxidase subunit I (COI) and ribosomal ITS subunit to validate the 

149 taxonomic status of H. perlevis along the South African coast, its haplotype diversity, and to 

150 evaluate the effects of geographic distance and connectivity in this conspicuous widespread 

151 species. While processes of introduction and spread are at this stage speculative, we discuss the 

152 most likely scenario and associated management implications. 

153 The type material of Halichondria caruncula (sensu Stephens, 1915), Leucophloeus 

154 styliferus Stephens, 1915 ((Hymeniacidon stylifera (Stephens, 1915)) and Hymeniacidon 
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155 sublittoralis Samaai & Gibbons, 2005 from South Africa were examined. Environmental niche 

156 modelling was conducted to investigate the factors that dictate the distribution and the drivers of 

157 genetic structure of H. perlevis globally. 

158

159 Materials & Methods

160

161 Distribution of H. perlevis along the South African intertidal coastline 

162 Hymeniacidon perlevis is the most widely distributed sponge in the intertidal. It grows in a wide 

163 range of substrates, such as hard ledges, crevices, flat areas, gullies and pebbles, or sandy 

164 substrate in the mid strata of the intertidal zone, but a few specimens have also been recorded at 

165 the lower zone and subtidal area (Erpenbeck and Van Soest, 2002; Ackers, Moss & Picton, 2007; 

166 Turner, 2020). Some individuals are exposed for hours while others submerged during low and 

167 high tides respectively. 

168 Between 2015 and 2017, field surveys were conducted during low tides at 53 intertidal 

169 habitats along the South African coast from Port Nolloth (Benguela Current system, 

170 26°44'7.05"S; 15° 5'43.38"E) to Kosi Bay near the Mozambique border (Agulhas Current 

171 system, 26°55'46.21"S; 32°52'41.23"E) (Fig. 2; Table S1). Sixty-five (65) specimens of H. 

172 perlevis were collected from 23 intertidal locations along the South African coast from Port 

173 Nolloth on the west coast to the Dwesa/Cwebe MPA on the east coast (Fig. 2; Table S1). The 

174 species was found to occur on both exposed and non-exposed regions, and was placed in bags for 

175 laboratory processing. 

176

177 Sample collection 

178 Sponge material was collected from the intertidal rocky shores by removing a representative 

179 piece of the animal. Observations on appearance in life, substratum, as well as  and habitat depth 

180 and type were recorded in situ.Colour photographs were taken in situ and in the laboratory. Upon 

181 collection, specimens were stored in 96 % ethanol and processed for histological examinations 

182 according to Samaai and Gibbons (2005). Spicule dimensions are given as the mean length 

183 (range) × mean width (range) of 20 spicule measurements. 

184

185 Molecular analyses
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186 DNA was extracted from 54 representative tissue samples across the three major biogeographic 

187 provinces using the E.Z.N.A Tissue DNA kit according to the manufacturer’s protocol (Omega 

188 Bio-Tek). A fragment of the mitochondrial cytochrome c oxidase subunit I (COX1) was 

189 amplified using primers LCO–1490 (5’–GGT CAA CAA ATC ATA AAG ATA TTG G–3’) and 

190 HCO–2198 (5’–TAA ACT TCA GGG TGA CCA AAA AAT CA–3’) (Folmer et al., 1994). 

191 Polymerase chain reactions (PCR) were performed in volumes of 20 μl containing 12.5 μl Taq, 

192 0.5 μl of each primer (10 mM), 1 μl of BSA, 5 μl of DNA template and 5.5 μl H2O. The cycling 

193 profile included an initial denaturation step (3 min at 94°C), 40 cycles of denaturation (30 s at 

194 94°C), annealing (20 s at 45 °C) and extension (1 min at 72 °C), and a final extension step (10 

195 min at 72 °C). The amplified DNA was purified with a PCR Clean-Up Kit according to the 

196 manufacturer’s protocol. The final DNA product was sequenced in both directions on an Applied 

197 Biosystems 3730xl DNA Analyzer (see Teske et al., 2015 for Standard protocols), and the 

198 obtained chromatogram was edited using MEGA11: Molecular Evolutionary Genetics Analysis 

199 version 11 (Tamura, Stecher & Kumar, 2021). All the sequences was deposited in GenBank 

200 (NCBI; Benson et al., 2018) under the accession numbers ON062377–ON062402 (see Table S2).

201

202 Alignment, phylogenetic analysis, and Haplotype networks

203 The raw sequence data of the forward and reverse sequences were trimmed by removing 

204 uncertain sites. The forward and reverse sequences were then aligned using ClustalW 

205 (Thompson et al., 1994) in MEGA 11 (Tamura, Stecher & Kumar, 2021). Sequences were 

206 blasted against GenBank (Sayers et al., 2019) and the maximum score and E-values (Altschul et 

207 al., 1990) were used to select closely related specimens. The alignment of COI sequences was 

208 checked for the potential occurrence of nuclear pseudogenes using the genetic code for 

209 invertebrate mitochondria, and no frame-shift mutations, which would indicate that these 

210 sequences originate from a non–functional gene region, were identified. Sequences were 

211 compared to published data of Hymeniacidon sponges (see Table S3 in Turner, 2020), and thus 

212 sequences were jointly analysed with the Hymeniacidon date set used by Turner (2020) in 

213 MEGA 11 (Tamura, Stecher & Kumar, 2021). All the South African sequences had a high 

214 sequence similarity to H. perlevis. Public sequences previously identified as H. perlevis, H. 

215 sinapium, and H. heliophila appear to be from a single species with a global distribution, and all 

216 are included herein (Turner, 2020). The dataset compiled by Turner (2020), together with the 

PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed



217 South African sequences, was then used in the phylogenetic analysis and haplotype network. To 

218 see if the South African samples formed a distinct monophyletic clade in comparison to 

219 congeneric samples from other locations, we constructed a phylogenetic tree in MEGA 11 using 

220 Maximum Likelihood (ML) with the Tamura-3 parameter (T92), which was selected by the 

221 inbuilt model generator. Evolutionary distances were computed employing the Tamura-3 

222 parameter (Tamura, 1992), and support for individual nodes was based on 1000 nonparametric 

223 bootstrap estimates (Felsenstein, 1985). The T92 distances were also used to compare levels of 

224 genetic differentiation between the sequences generated in this study and the published 

225 Hymeniacidon sequences (see Table S3 in Turner, 2020). 

226 DnaSP 5.091 was used to evaluate haplotype (h) and nucleotide (π) diversities for 

227 individuals collected at the same location (Lourenço et al., 2017). Populations were divided into 

228 six groups according to world-wide presence (Turner, 2020; de Voogd et al., 2022). These 

229 were East Asia, North America (Pacific), North America (Atlantic), South America (Atlantic), 

230 Europe and South Africa.  The South African populations were divided into three groups 

231 according to the national bioregional classification (see Sink et al., 2018). These include the 

232 Namaqua, Southern Benguela and Agulhas ecoregions.  To determine how genetic variation is 

233 divided between groups, among locations within groups and within locations, the six and four 

234 groups described above were designated a priori following Lourenço et al. (2017).

235 A median-joining haplotype network built in Codon Code v.9 (CodonCode Corporation) 

236 was used to establish intra-specific genealogical relationships between groups and the relative 

237 frequency of haplotypes.  For the haplotype network analysis, the newly collected South African 

238 samples were analyzed alongside all sequences from GenBank with high sequence similarity, as 

239 compiled by Turner (2020). This included public sequences previously identified as H. sinapium 

240 and H. heliophila, which according to Turner (2020) are part of the single global species 

241 complex, H. perlevis. Sequences of H. flavia are included as outgroups for comparison. 

242 Haplotype networks were produced using the minimum spanning method (Bandelt et al., 1999) 

243 as implemented in Popart (Leigh & Bryant, 2015). This analysis requires all included sequences 

244 to be the same length, so some sequences were trimmed whilst others were excluded. Alignments 

245 in the global dataset were 574 bp at cox1 (n=115 sequences); the ITS alignment was 539 bp 

246 (n=512). Alignments were longer when newly collected South African data were analyzed alone: 
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247 582 bp at cox1 (n=29); 798 bp at ITS (n=11). Sequence alignments were produced in Codon 

248 Code v.9 (CodonCode Corporation). 

249

250 Ecological niche modelling of H. perlevis distribution.

251 To gain a better perspective on the realized distribution of H. perlevis globally, ensemble species 

252 distribution modelling was applied. 

253 Occurrence data. For this purpose, occurrence/encounter data from multiple sources was 

254 complied, including OBIS records, GenBank, and local South African observations. Because the 

255 data are occurrence/encounter data, background absence (pseudo-absence) data are required to 

256 apply standard correlative distributional models. Pseudo-absences were generated at random 

257 within the studies gridded spatial domain, with the thin layer of coastal area being globally 

258 generated. Given the environmental layers resolution (5 × 5 NM grid cells), the first two adjacent 

259 grid cells were considered. The number of pseudo-absences generated were determined using the 

260 recommendations of Barbet-Masin et al. (2012), implemented in the R package SSDM (Shmitt et 

261 al. 2017), which was used in this study for ensemble species distribution modeling. Ensemble 

262 modeling was performed both with and without spatial thinning. Given that the encounter data 

263 are not globally uniform, spatial thinning, which is already implemented in the SSDM package, 

264 was used to deal with spatial bias (to reduce spatial bias due to non-random sampling while 

265 keeping most of the information).

266 Niche modelling. Multiple correlative statistical models are widely used to model the 

267 distributions of many taxa. The majority of these widely used models are already included in the 

268 SSDM package. For the ensemble modeling of the distribution of H. perlevis, eight correlative 

269 statistical models were considered: Generalized Linear Model (GLM), Generalized Additive 

270 Model (GAM), Support Vector Machine (SVM), Classification Tree Analysis (CTA), 

271 Generalized Boosted Model (GBM), Random Forest (RF), Multivariate Adaptive Regression 

272 Spline (MARS), and Artificial Neural Network (ANN).  Appendix S1 contains a brief discussion 

273 of each of the eight distribution models. These models were trained on a randomly selected 

274 portion of the data (70%) and their prediction performance was evaluated using the hold-out set. 

275 Each model was fitted and evaluated four times to account for sources of variability due to 

276 random selection of training and evaluation sets as well as random selection of pseudo-absences. 

277 When analyzing classification models, multiple measures of performance can be used. For the 
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278 purposes of this study, Kappa and AUC (Area Under the Curve) were used. AUC usually has a 

279 value in the range of 0.5 to 1.

280 Models with AUCs of 0.5 are generally considered random classifiers, while those with 

281 values between 0.7 and 0.8 are considered fair classifiers, and those with values close to 1 are 

282 considered excellent classifiers (Kleinbaum & Klein, 2010). The inclusion of individual 

283 distribution models into the ensemble distribution modeling was based on whether the model had 

284 an AUC value greater than 0.7. To generate the ensemble species distribution map, all models 

285 with AUCs greater than 0.7 were pooled by weighting their predicted probability of occurrence 

286 by their AUC. The uncertainty map was also computed primarily to identify regions of high 

287 agreement and low agreement among the models considered, which correspond to low and high 

288 uncertainty regions, respectively. Uncertainty was computed as cell by cell variance in the 

289 predicted probability of occurrence by the models included in the ensemble. The response curves 

290 (partial effects) of each of the variables considered was generated by predicting the probability of 

291 occurrence for the variable of interest while keeping the remaining variables at their mean. This 

292 was done for each of the eight models considered (Appendix S1).  

293 The intertidal area was delimited by extracting the coastal cells covering a range from −2 

294 to 1 m from the General Bathymetric Chart of the Oceans (GEBCO) gridded bathymetric data set 

295 with a spatial resolution of 30 arc-seconds (http://www.gebco.net/).

296 Variable importance was computed on the holdout set. The amount of correlation 

297 changes between predicted values before and after permuting (reshuffling) a variable was used to 

298 measure its importance (expressed in percentage).

299 𝐼𝑣= 1 ‒ 𝐶𝑜𝑟(𝑃𝑓,𝑃𝑣)
300 where  is index of importance of a variable,  is correlation coefficient,  is prediction from 𝐼𝑣 𝐶𝑜𝑟 𝑃𝑓
301 the full model,  is prediction after permuting/reshuffling the variable . Partial effect of each of 𝑃𝑣 𝑣
302 the predictor were computed by predicting the response variable for the variable of interest while 

303 holding the other predictors at their mean.

304 Environmental variables. BIO-ORACLE was used to download global and readily 

305 available environmental layers. The environmental layers considered in this study considered the 

306 minimum, maximum, mean, and range of surface temperature, surface salinity, and surface 

307 current velocity. Given the limitations of the environmental layers resolution (5 × 5nm grid) and 

308 the fact that we are dealing with intertidal/coastal invertebrates, only grid cells within 10 km of 
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309 the coastline were retained. The environmental variables were checked for multi-collinearity 

310 using the variance inflation factor (VIF) before the distribution of H. perlevis was modelled.

311 A VIF value of 1 indicates an absence of multi-collinearity, but larger values typically 

312 indicate the presence of a problem. Variables with VIF values > 5 are generally considered to be 

313 linearly related, and in the context of regression, their variance of the estimated parameters will 

314 be large, and its parameter will be poorly estimated (Hay-Jahans, 2011). Variables having VIF 

315 greater than 5 were thus excluded from this analysis. The final set of variables retained were: 

316 mean surface temperature, range surface temperature, mean surface salinity, range surface 

317 salinity, and mean surface current velocity. Appendix S1 shows the layers of environmental 

318 variables used in the distribution modelling.

319

320 The following model was fitted to model occurrence of the sponges.

321
Model formula𝑜𝑐𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑒 𝑠𝑝𝑜𝑛𝑔𝑒𝑜𝑐𝑐 ∼ 𝑇𝑚𝑒𝑎𝑛+ 𝑇𝑟𝑎𝑛𝑔𝑒+ 𝑆𝑚𝑒𝑎𝑛+ 𝑆𝑟𝑎𝑛𝑔𝑒+ 𝑉𝑚𝑒𝑎𝑛

322 where  is the occurrence is of Hymeniacidon perlevis;  and  are the mean 𝑠𝑝𝑜𝑛𝑔𝑒𝑜𝑐𝑐 𝑇𝑚𝑒𝑎𝑛 𝑇𝑟𝑎𝑛𝑔𝑒
323 and range of coastal surface temperature respectively;  and  are the mean and range of 𝑆𝑚𝑒𝑎𝑛 𝑆𝑟𝑎𝑛𝑔𝑒
324 coastal surface salinity respectively;  is the mean coastal surface current velocity.𝑉𝑚𝑒𝑎𝑛
325 All the analysis, visualization and report generation were done in R (R Core Team, 

326 2021). Multiple R packages were utilized for data processing, visualization, analysis, and 

327 summary of results including (Alathea, 2015; Allaire et al., 2021; Henry and Wickham, 2020; 

328 Robinson et al., 2022; Wickham et al., 2021b, 2021a; Xie, 2021; R-lubridate?).

329

330 Material and acquisition

331 All recently collected voucher samples are housed at IZIKO Museum, Cape Town, South Africa 

332 under museum numbers SAMC-A091444–SAMC-A091463; MB-A094583–MB-A094599; MB-

333 A094600 - MB-A094614 (Table S3).  Toufiek Samaai was granted permission to collect 

334 specimens during his various field excursions by the Department of Forestry, Fisheries, and 

335 Environment under Research Permits RES2014/DEA - RES2017/DEA.

336

337 Results

338 Study area
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339 The South African coastline covers a wide range of very distinct climatic and oceanic conditions 

340 that can be divided into three major biogeographic provinces (Stephenson & Stephenson 1972; 

341 Emanuel et al., 1992; Turpie et al., 2000; Sink et al., 2019). These are the subtropical east coast, 

342 the warm-temperate south coast, and the cool-temperate west coast (Emanuel et al., 1992; Sink et 

343 al., 2019). Interestingly, the shores are characterised by sharp environmental clines, in particular 

344 the contrasts in temperature (Smit et al., 2013), productivity and dissolved oxygen, associated 

345 with abrupt species distributional changes (Emanuel et al., 1992; Awad et al., 2002, Sink et al., 

346 2019). The west coast of South Africa is permanently affected by the cold waters of the 

347 Benguela upwelling system, whereas the south flowing Agulhas current transports warm water 

348 along the east and south coasts of South Africa (Lutjeharms et al., 2000; Lutjeharms, 2006; Smit 

349 et al., 2013).

350 South Africa is an ideal region to study the effects of dispersal barriers and environmental 

351 gradients on species distribution and genetic patterns (Emanuel et al., 1992; Awad et al., 2002). 

352 Cape Point and Cape Agulhas connects the south-west coast of South Africa, represents a 

353 geographical break for several cool temperate and warm-temperate biota and is a driver of 

354 genetic differentiation (Teske et al., 2011). The region between these sites is considered a 

355 transition zone between the cool temperate west and the warm temperate south coasts. 

356 Biogeographical breaks on the south-east coast, at the disjunction between warm-temperate and 

357 subtropical biota, have been difficult to define because their exact locations differ considerably 

358 for different species (Teske et al., 2011). The continental shelf in this region gradually widens 

359 from north to south, deflecting the warm Agulhas Current away from the coast, limiting its 

360 influence on coastal biota. The northernmost breaks in this region have been identified on the 

361 Central Wild Coast (Transkei region in the region of Mbashe) and the southernmost breaks were 

362 reported near Algoa Bay (Teske et al., 2011).

363 Emanuel et al. (1992) proposed that the division between the south-east coast was south 

364 of Coffee Bay at Mbashe and recognised an additional break at Durban, similar to the location of 

365 the eastern extent of the overlap region transitioning between the original south-east coast 

366 provinces identified by Stephenson & Stephenson (1948). Emanuel et al. (1992) also found no 

367 further biogeographic breaks north of Durban to at least as far as Ponta da Barra Falsa in 

368 Mozambique. However, Bolton et al. (2004) argued against the existence of a distinct east coast 
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369 province because the marine flora reflects an eastwardly decreasing number of temperate South 

370 Coast species, replaced largely by tropical Indo-West Pacific species.

371 Inshore upwelling areas off the south coast's Cape St Francis, Still Bay, Tsitsikamma, 

372 Algoa Bay and Port Alfred may potentially influence species range extensions and the size 

373 structure of habitat forming species, such as mussels, macroalgae and sponges (Mead et al., 

374 2013; Lourenço et al., 2017). Additionally, the Agulhas Bank has also experienced expansions of 

375 cold-water species, particularly along Betty’s Bay to Cape Agulhas as a response to SST changes 

376 (as much as −1.5º C since the 1980s) (Mead et al., 2013). For example, southeast extension of 

377 kelp beds, rock lobster, cape sea urchin and sardines have exhibited major distributional 

378 expansions along south coasts linked to rates of SST cooling over the last two decades (a 

379 maximum of −0.5º C per decade) (Mead et al., 2013). Mean annual air temperature in South 

380 Africa also increased by 0.13 ºC per decade between 1960 and 2003, potentially influencing 

381 intertidal ecosystems such as rocky shores (Mead et al., 2013).

382

383 Distribution of Hymeniacidon perlevis along the south African intertidal region 

384 Hymeniacidon perlevis was found at 23 of the 53 locations sampled (Fig. 2; Table S1). The 

385 easternmost location where H. perlevis was found was the Dwesa/Cwebe MPA on the east coast. 

386 A sample was also collected at Grosse Bucht, which is south of Lüderitz (Namibia). Individuals 

387 of this species were not found north of Dwesa/Cwebe, replaced in abundance by the encrusting 

388 blood-red sponge Tedania cf. scotiae (Fig. 3M), a species with similar distribution to H. perlevis, 

389 indicating the possible existence of  suitable habitat for H. perlevis in the Natal intertidal 

390 ecoregion. However, H. perlevis, does not occur further north of Dwesa/Cwebe. Tedania cf. 

391 anhalens (Fig 3P) occurs in the Delagoa ecoregion.

392 Hymeniacidon perlevis dominates the intertidal shores from the cool temperate province 

393 (minimum SST ranging 12.2–14.8; winter SST 13–15) (Demarcq, Barlow and Shillington, 2003; 

394 Smit et al., 2013) on the west coast to the warm temperate province (minimum SST ranging 

395 14.5–18.7) on the south/southeast coast; winter SST 15–19, (Demarcq, Barlow and Shillington, 

396 2003; Smit et al., 2013) but it is absent from the subtropical province of the Agulhas system 

397 north of Dwesa/Cwebe.

398 In only one location (Strand) we found H. perlevis covered by sediment, with surface 

399 projections extending beyond the sandy layer (Fig. 3G). Apart from this, H. perlevis was also 
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400 found in places along the Cape Peninsula with high nutrient concentration (Villiers de S., 2017).

401 Hymeniacidon perlevis was also described from the kelp forest off Bettys Bay at a depth 

402 of 15 m while Stephenson (1915) recorded the species from 25 m depth on the west coast of 

403 South Africa. Turner (2020) found H. perlevis in California kelp beds. Samaai et al. (2005) 

404 described a subtidal Hymeniacidon species from Vulcan Rock (Cape peninsula west coast) as 

405 Hymeniacidon sublittoralis Samaai & Gibbons, 2005. 

406

407 Genetic analysis Hymeniacidon perlevis along the South African intertidal region and 

408 globally.

409 No amplification product for Halichondria caruncula (Bowerbank, 1858) sensu Stevens (1915), 

410 Hymeniacidon stylifera (Stephens, 1915) and Hymeniacidon sublittoralis Samaai & Gibbons, 

411 2005 from South Africa could be obtained. Partial COI sequences of 29 specimens of H. perlevis 

412 (Table S2) were obtained resulting in an alignment length of 691 base pairs with two different 

413 haplotypes and a low intraspecific genetic distance (0.0017, +- SD or SE estimate) and a slightly 

414 high haplotype diversity (0.517, +-SD or SE estimate). Closer examination of the network 

415 reveals that the two haplotypes differ by one mutational change. The genetic structure of H. 

416 perlevis revealed a possible divergence on the south-east coast, forming a western and an eastern 

417 lineage. Specimens from the south coast (Knysna, Tsitsikamma) clustered with those from 500 

418 km to the east, rather than those from 500 km to the west, in the maximum likelihood tree (Fig. 

419 S1). Sequences could not be obtained from specimens collected from sites between Bettys Bay 

420 and Knysna, particularly near Cape Agulhas, where the two oceans meet. 

421 BLAST results revealed 99–100% similarity match when comparing South African H. 

422 perlevis sequences to H. perlevis and H. synapium from other worldwide regions (Portugal, 

423 California, etc.). This was further corroborated by phylogenetic reconstruction as sequences of 

424 H. perlevis from South Africa grouped with those from other regions and H. synapium in the 

425 maximum likelihood tree (Fig. S2), with weak maximum likelihood support (prob val. 43). The 

426 H. perlevis sequences further showed about 97% similarity to H. flavia Sim & Lee, 2003 

427 (EF217333.1, Korea), which is the most closely related outgroup species (Fig. S2) (Park et al., 

428 2007). 

429 The reconstruction of a median-joining haplotype network of H. perlevis from South 

430 Africa revealed a single clade, with no genetic divergence between a priori expected groups (Fig. 
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431 4). The star-shaped network revealed two dominant haplotypes widespread across the three 

432 regions. The shared haplotypes differed from the dominant haplotype by one or two mutational 

433 steps. Regardless of the geographic distance between groups, haplotypes were shared (i.e., 

434 between Port Nolloth and Dwesa or Cape Point and Bettys Bay).

435 The inclusion of previously published Hymeniacidon sequences from GenBank (see 

436 Turner, 2020 Table S3; see Ngwakum, 2021 Table 1; see Table S2) revealed that for the ITS 

437 dataset, four of the South African samples are identical (Fig. 4) to the most common haplotype, 

438 found in a sample from Northern California, five samples from Korea, and many samples from 

439 Japan (Fig. 4). The seven South African samples differ from this most common haplotype by a 

440 single base pair (0.19% sequence divergence). Consistent with a previous analysis, the genetic 

441 variation within the sample of H. flavia is similar to the genetic variation in H. perlevis, despite 

442 the entire H. flavia sample being from Japan and Korea alone (Fig. 4; see also Fig. 2 in Turner, 

443 2020). When the South African ITS samples are analyzed alone, a longer alignment is possible 

444 (798 bp), and three variable sites are present (Fig. 4). One of these differentiates samples from 

445 Agulhas from the other regions. Only two haplotypes, differing by a single base pair, are present 

446 in South African samples in the COI haplotype network. Nearly half (14/29) possess the same 

447 haplotype sequence as samples collected in the Caribbean, Brazil, Portugal, Turkey, Korea, and 

448 California. A close genealogical relationship among haplotypes was observed.

449 Subsequently, we employed a COI haplotype analysis on the South African specimens 

450 comparing them to the global H. perlevis COI sequences from GenBank (Turner, 2020). Results 

451 from the 134 sequences revealed a total number of 16 distinct COI haplotypes, with a diversity 

452 of 0.225 (+- SD or SE estimate), which is relatively low. According to the results, all South 

453 African sequences belong to the first haplotype, which also includes Hymeniacidon from 

454 Portugal, Argentina, Turkey, and other countries (Fig. 5). The others represents singleton 

455 haplotypes since they only contain one individual and group among specimens of H. sinapium 

456 from China and Hymeniacidon heliophila (Wilson, 1911) from the Caribbean.

457 The ITS sequences revealed four haplotypes for the South African specimens’ samples 

458 with a single base change between the sequences. This ITS was also used to explore the global 

459 relationship of H. perlevis (Fig. 5). The recovered ITS topology clustered all South African 

460 Hymeniacidon with sequences from H. perlevis and H. sinapium in a single monophyletic clade. 

461 All specimens of Hymeniacidon from South Africa shared the same ITS haplotype, which was 
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462 proved to be identical, for instance, to GenBank sequences of H. perlevis (AB250766.1), H. 

463 heliophila (AB250764.1) (U65485.1) and H. sinapium (AB250765.1) from Japan. 

464

465 Environmental niche modelling. 

466 Hymeniacidon perlevis is unusual in that it has a very wide geographic distribution ranging from 

467 the Northern Hemisphere to Argentina, as well as South Africa to the middle latitudes of New 

468 Zealand. Visual exploration of occurrence data for H. perlevis from the three sources, OBIS, 

469 GenBank, and local South African coastal monitoring, are shown in Figure 1. As can be seen in 

470 Figure 1, most of the occurrence records are from coastal area around the UK and South Africa, 

471 with the remaining records from different parts of the globe, such as harbours and inlets.

472 Figure 6 depicts the predicted distribution, as well as the probability of occurrence, of H. 

473 perlevis from each of the eight models and the ensemble (Appendix S1). The ensemble 

474 prediction on the raw and thinned data is shown in detail in Figure 6. The projected likelihood of 

475 occurrence was not significantly different for models based on thinning or raw occurrence data 

476 when seen visually. The ensemble produced with the best models resulted in an accurate overall 

477 description of H. perlevis distribution, including its expanding front (Fig. 6).

478 Along South Africa, the niche model predicted a distribution into Namibia and in South 

479 America from southern Chile into northern Peru (Fig. 6). In addition, the prediction indicated 

480 that suitable habitat could potentially be found along southern Australia and Namibia. While the 

481 probability of H. perlevis being present in the Mediterranean and British Columbia shores was 

482 high, towards Northeast America the predicted likelihood decreased. Surprisingly, no suitable 

483 habitat was detected along the tropical West African coast, the Indo-Pacific region, Caribbean, 

484 the Arabian Peninsula or India. Mean surface temperature was the most important predictor of 

485 the distribution of H. perlevis globally (Appendix S1), followed by the range of surface 

486 temperature. Most of the models performed reasonably well with AUC mostly above 0.8. 

487

488 Taxonomy - Species description

489 Systematic information with detailed morphological and spicule descriptions, and with DNA-

490 barcoding remarks are provided below. The classification follows Morrow & Cárdenas (2015). 

491 Phylum Porifera Grant

492 Class Demospongiae Sollas
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493 Subclass Heteroscleromorpha Cárdenas, Perez & Boury–Esnault

494 Order Suberitida Chombard & Boury–Esnault

495 Family Halichondriidae Gray

496 Genus Hymeniacidon Bowerbank, 1858 

497 Type species. Hymeniacidon caruncula Bowerbank, 1859: 286 (by subsequent designation; 

498 Bowerbank, 1864: 191) (this is considered a junior synonym of Hymeniacidon perlevis 

499 (Montagu, 1818: 86).

500

501 Hymeniacidon perlevis (Montagu, 1818) 

502 (Fig. 7AC; Table 1)

503

504 Material examined. Table S3

505 Other material examined. Hymeniacidon perlevis voucher specimens. SAM-H4904 (Ts 

506 305), Jacobs Bay, near Saldanha Bay (32 31’S, 17 30’E), depth 3–5 m, collected by T. Samaai, 

507 20 October 1997. Ts 329, Ts 331, Ts 337, Ts 338, Ts 343c, Elands Bay (32 20’S, 18 20’E), 

508 depth 3–6 m, collected by T. Samaai, 15 November 1997. Ts 359, Ts 370, Ts 381, Ts 391, 

509 Groenrivier (30 29’S, 17 20’E), depth 3 m. Collected by T. Samaai, 20 December 1997.

510 Hymeniacidon caruncula (Bowerbank, 1858) sensu Stevens (1915). NMSZ 

511 1921.143.1443. A fragment removed for loan. Station 479, False Bay shore 6th May 1904; 

512 Station 482, Saldanha Bay shore, 19 May 1904.

513 Leucophloeus stylifera Stephens, 1915. Syntype NMSZ 1921.143.1443. Two fragment 

514 removed for loan. Station 482, Saldanha Bay shore, 19th May 1904; Station 483, Entrance to 

515 Saldanha Bay, 45 m, 21 May 1904.

516 Hymeniacidon sublittoralis Samaai & Gibbons, 2005. Holotype. SAM-4903 (Ts 212), 

517 Vulcan Rock (34 04’S, 18 18’E), depth 27 m, collected by P. Coetzee, 24 April 1996.

518 Description. A thin or thickly encrusting (Fig. 7A) to cushion-like sponge that varies 

519 greatly in form (Fig. 2), Diameter ranging from 5 cm long × 3 cm long × 4 cm thick to 14. 5cm 

520 long × 8 cm wide × 6 cm thick; with processes of 1–4 mm high, 1–1.5 mm wide. In areas of 

521 considerable wave exposure this species is encrusting and smooth. In sheltered, or moderately 

522 exposed localities, H. perlevis has erect processes that arise from a basal mat. Surface variable, 

523 may be smooth and tuberculate, thrown into irregular folds, or covered with digitate processes. 
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524 Oscules scattered, level with surface or elevated on low cones or on digitate processes, 0.5–

525 1.5mm in diameter. Texture firm, soft, fleshy, but compact and compressible. Colour in situ 

526 variable (Fig. 2): intertidal forms bright orange, subtidal forms yellow orange; choanosome 

527 bright orange, in preservative pale yellow or white, choanosome bright orange or white. Colour 

528 changes on sampling - the sponge might turn patchy dark brown or appear greenish (Fig. 2D).

529 Skeleton. The choanosomal skeleton, especially in the deeper regions, composed of a 

530 confused, disordered mass of styles, not organized into tracts (Fig. 7C). Towards the surface, 

531 tracts become ill-defined and with ascending fibres, ~200 μm wide, with no separation between 

532 the primary and secondary tracts. The ascending tracts do not branch at the surface to form 

533 spicule brushes and tend to be vertically arranged. Numerous loose interstitial spicules. Large 

534 canals are present. The ectosomal skeleton consists of a dense tangential layer of spicules, ~200–

535 500 μm thick (Fig. 7C). Spongin scarce.

536 Spicules. Megascleres (Fig. 7B; Table 1): styles smooth, straight, or slightly curved, 

537 thickest centrally, 250 (155–337) × 7 (7) μm, n = 20. Microscleres: absent.

538 Habitat and distribution. Found on the rocky intertidal and shallow subtidal. Often 

539 exposed to direct sunlight. Depth range 0–15 m.

540 Status. Invasive

541 DNA barcodes.  691bp fragment of the universal mitochondrial cytochrome c oxidase subunit 1 

542 gene, primer pair: LCO1490 and HCO2198 (Folmer et al., 1994). GenBank accession numbers 

543 ON062377–ON062402 (see Table S2). 

544 Remarks. Comparisons of the morphological features of the intertidal sponge H. perlevis 

545 with Hymeniacidon sublittoralis Samaai & Gibbons, 2005, Hymeniacidon stylifera (Stephens, 

546 1915) and Hymeniacidon caruncula Bowerbank, 1858 sensu Stevens (1915) showed that it is 

547 similar to H. caruncula but distinct from H. sublittoralis and H. stylifera in spicule shape, spicule 

548 dimensions, external morphology, and coloration (Stable S4). Live specimens of H. perlevis have 

549 distinct colour patterns being different shades of orange depending on geographical location 

550 (Fig. 2). Though this species can be blood red in other regions, in the current study, intertidal 

551 encrusting sponges of that colour were species of the genus Tedania (Fig. 2). 

552 The spicule size range of South African H. perlevis overlaps with specimens from Wales, 

553 Korea and Ireland (Fig. 8). A large spicule size range is found for the South African west coast 

554 and Wales specimens (see Fig. 8). California specimens have a smaller spicule range, with 
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555 lengths very similar to New Zealand and Argentina (see Fig. 8). No spicule lengths are available 

556 for specimens from Portugal, Spain, France, China, Black Sea etc. The South African specimens 

557 conform to all previous descriptions in terms of morphology and spicule complements, as well as 

558 in habit (Bergquist, 1970; Ackers et al., 1992).

559 Morphologically, this species is distinct from H. sublittoralis. Hymeniacidon sublittoralis 

560 is “ A thick, massive, erect, amorphous sponge, with numerous papillate processes that vary 

561 greatly in length. Surface smooth with various ridge-like structures, finely hispid and colour in 

562 situ yellow. Styles are large and thick with heads slightly subtylote, 394 (255–601) × 14 (14) μm 

563 (Samaai and Gibbons, 2005).

564

565 Discussion

566 Hymeniacidon species, like Halichondria and Cliona spp. (de Paula et al., 2012), exhibit a high 

567 degree of morphological similarity, making it difficult to recognize them solely by 

568 morphological characters. Traditional morphological features like spicule shape and size, as well 

569 as their skeletal arrangement, are insufficient to distinguish species in this likely complex. 

570 The South African sequences of H. perlevis were compared against those of H. perlevis, 

571 H. sinapium and Hymeniacidon heliophila (Wilson, 1911) from Europe, South America and 

572 North America reported in Turner (2020). These data conclusively document the presence of H. 

573 perlevis in South Africa as well as assign the species to a relatively large geographic range along 

574 the South African coast.

575 The extensive distribution of H. perlevis across several biogeographic areas suggests that 

576 the observed pattern cannot be maintained by natural dispersal and gene flow at such a broad 

577 scale (e.g., some South African individuals were genetically identical to individuals from 

578 California); the low molecular divergence associated with their extensive distribution around the 

579 world (Turner, 2020) are typical features of species introduced on a worldwide scale. As a result, 

580 human-mediated gene flow is likely to play an important role in population connection and 

581 spread (Mead et al., 2013). Because larvae have a very limited chance of survival due to their 

582 short free-swimming phase, the most likely vectors for this species are the transfer of adult 

583 colonies in ship hulls or larvae transported in ballast water (Duran, Pascual & Turon, 2004). 

584 The worldwide introduction and subsequent spread of H. perlevis (Turner, 2020), and its 

585 success in adapting to new environments, likely reflects the species' high adaptability. There is 
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586 evidence of several oceanic barriers along the South African rocky intertidal region (Emanuel, 

587 1992; Samaai, 2006; Teske et al., 2011; Sink et al., 2019), which have the potential to reduce 

588 connectivity between populations to a high degree, as previously described for Perna perna 

589 (Lourenço et al., 2017) and several other species (Turpie et al., 2000; Awad et al., 2002; Samaai, 

590 2006).  However, our results suggest a lack of genetic difference across H. perlevis populations 

591 across the study region. Furthermore, the niche modeling approach highlights the importance of 

592 sea surface temperature (SST) in shaping the distributional range of H. perlevis along temporal 

593 regions along the southern African coast. We identified two to four haplotypes for the COI and 

594 ITS genes surveyed across the distribution of H. perlevis, respectively.

595 Hymeniacidon perlevis dominates the intertidal shores from the cool temperate province 

596 (minimum SST ranging 12.2–14.8 ºC; winter SST 13–15 ºC) (Demarcq, Barlow & Shillington, 

597 2003) on the west coast to the warm temperate province (minimum SST ranging 14.5–18.7 ºC) 

598 on the south/south east coast; winter SST 15–19 ºC) (Demarcq, Barlow and Shillington, 2003) 

599 but it is absent north of Dwesa/Cwebe and the subtropical province of the Agulhas system. The 

600 subtropical and tropical waters of the east coast may be outside the optimal temperature range of 

601 H. perlevis. Having said this, the temperature range between Mbashe and Port St Johns [warm 

602 temperate] is like that of Dwesa/Cwebe. Turpie et al. (2002) also identified the whole of the 

603 Transkei region in the Eastern Cape as being closer to the south coast sections than to those 

604 further north.  Hymeniacidon perlevis expansion on the south coast over the last 80 years 

605 (Stephenson, 1938, 1944 & 1948; Day, 1974) has virtually ceased at Dwesa/Cwebe, and it may 

606 have reached its biogeographic limit, as in the case of Mytilus galloprovincialis (Zardi et al., 

607 2007; Lourenço et al., 2017).  

608 This limit could be explained that the area between Algoa Bay and Dwesa/Cwebe is a 

609 transitional zone for species overlap and that H. perlevis invasion in South Africa conforms to an 

610 antitropical distribution pattern typically found for M. galloprovincialis (Zardi et al., 2007). This 

611 may also indicate an oceanographic barrier to larval dispersal or selection driven by sharp 

612 gradients in environmental conditions at Dwesa/Cwebe. However, the precise temperature limits 

613 of H. perlevis distribution are unknown. Nevertheless, some indication of its preferred 

614 temperature range can be gleaned from the species’ global distribution predictive pattern (Fig. 6). 

615 The annual mean temperature of its native range in Devon, southwest England is close to 

616 11–12 °C (Anonymous), whereas long term temperature means over the distributional range of 
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617 introduced H. perlevis in California are 17 °C and in Japan between 10 °C and 15 °C (Kado, 

618 2003). Similarly, the temperature range in Patagonia is between 9–16 °C and in Portugal is on 

619 average 15.3 °C. This suggests that H. perlevis is a cool/warm temperate species that is unlikely 

620 to extend its distribution eastwards beyond its current temperature range along the west and 

621 south-east coasts of South Africa to average temperature exceeding 20 °C.

622 The area from Cape Point and Cape Agulhas is an interface region where several cold- 

623 and warm-water species reach their southern or western distributional limits (Emanual, 1992; 

624 Sink et al., 2019), with several new distributional patterns resulting from range expansions and 

625 contractions east of Cape Peninsula being attributed to decreases in average seawater 

626 temperatures (e.g. kelp, rock lobster, and macroalgae) (Bolton et al., 2012; Blamey & Branch, 

627 2012; Mead et al., 2013; Reimers et al., 2014; Sink et al., 2019).

628 The low dispersal ability of pelagic larvae and high genetic diversity among H. perlevis 

629 sampled in South Africa using the mitochondrial COI and nuclear ITS, together with its spatial 

630 distribution and relationships of haplotypes in the median-joining network, indicates a lack of 

631 spatial genetic structure and reveal that H. perlevis is a single population that was probably 

632 introduced via centuries of trans-Atlantic and Indo Pacific shipping. This requires further 

633 exploration with more rapidly evolving markers, such as microsatellites and SNPs. The latter 

634 have the potential to elucidate structure not detected by mtDNA or even microsatellites (e.g., 

635 Gouws et al., 2020).

636 At a large scale, no strong genetic division between geographically defined groups of 

637 populations globally are highlighted by mitochondrial (COI) and nuclear (ITS) markers, though 

638 this appears to reflect the evolutionary history of the species (Turner, 2020). Globally, H. 

639 perlevis showed a large distribution across several biogeographic areas; the observed pattern 

640 cannot be maintained by natural dispersal and gene flow at such a broad scale (e.g., some South 

641 African individuals were genetically identical to individuals from California); the low molecular 

642 divergence associated with their extensive distribution around the world (Turner, 2020) is a 

643 typical feature of species introduced on a global scale. 

644 A low level of genetic variation at partial COI sequences (p= 0.0006) has been reported 

645 among Crambe crambe sponges separated by a geographic distance up to 3 000 km from the 

646 Mediterranean and the Atlantic coast (Duran et al., 2004). Even less mitochondrial gene 

647 variability was observed among the sponge Astrosclera willeyana sensu lato (p= 0.00049) 
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648 irrespective of the wide geographical coverage (Wörheide, 2006). By comparison, our study 

649 showed a similar low genetic diversity for H. perlevis separated by a geographic distance of up 

650 to 2 500 km (COI, 0.00017) revealing considerable stability in this intertidal sponge species. 

651 Apart from this, the success of H. perlevis could also be due to its high rate of growth and 

652 survival, dispersal by means of fragmentation and production of bioactive secondary metabolites 

653 (Gaino et al., 2010; Won et al., 2017). 

654 Widespread geographic distribution of sponges is rare due to the presence of cryptic 

655 species (Carballo et al., 2013). Carballo (2013) showed the presence of several widespread 

656 species along the Pacific Ocean because of anthropogenic activities such as shipping. In an 

657 increasingly connected world, our research highlights the importance of understanding 

658 connectivity across various biogeographic provinces to predict where invasive species are likely 

659 to occur.  The successful invasions of H. perlevis in South Africa, Argentina, North America, 

660 Europe, and Japan does not suggest that this species may pose a threat to intertidal communities 

661 in cool/warm temperate areas. There is no evidence in South Africa that H. perlevis displaced 

662 any species in low energy environments, like M. galloprovincialis. The findings of this study 

663 emphasise that similar environmental conditions appear to facilitate successful marine 

664 introductions. 

665

666 Conclusions

667 This study builds on a global genetics dataset that confirms H. perlevis as an invasive species 

668 outside of its natural environment, having been introduced by shipping and other human-

669 mediated activities. From Port Nolloth (including Lüderitz in Namibia) on the west coast to 

670 Dwesa on the east coast, H. perlevis has expanded and become a very widespread component of 

671 low/mid-shore intertidal rocky shore communities, where it provides a habitat for numerous 

672 other species that colonize it. There is no indication, however, that the species is displacing 

673 native species. Increased subtidal surveys for H. perlevis should be conducted to determine its 

674 density and whether it is higher in the subtidal zones than in the intertidal zones, which would 

675 provide a better indication of the invasion's severity.

676

677 Acknowledgements

PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed

Bruce Ott
Note
Might be true for SA but BC (Ladysmith Harbour) populations do overgrow the native oyster Ostrea lurida (Harbo, et al. 2021) so H. perlevis has some potential to displace other species. Displacement probably needs further study.

Bruce Ott
Note
No suggestion of adding H. perlevis to the invasives list anywhere except in the Background and Abstract?



678 We thank Dr Maya Pfaff, Mrs Liesl Janson, Dr Tanya Haupt, Mr Laurenne Snyders, Ms 

679 Nicolette Naidoo, Mr. Imtiyaaz Malick, for their assistance during field work, and IZIKO 

680 museum for the use of their Genetics laboratory. Dr Maya Pfaff and Dr Stephanie de Villiers are 

681 thanks for allowing me to participate in their field surveys around South Africa. We thank Dr 

682 Wayne Florence, Director Research and Exhibitions and Mr. Dylan Clark curator of Marine 

683 invertebrate and fish collections at IZIKO and all members of the Marine Biology Unit for their 

684 support. The senior author would also like to thank Mrs Liesl Janson for the histological 

685 preparations. Mrs. Ngwakum's MSc was supervised by Prof. Peter Teske, who is thanked for 

686 assisting the Senior Author with his genetics research. We thank Prof. George Branch for the 

687 images of H. perlevis used on Figure 3. 

688

689 Author contributions

690 TS & S.E.K funded the research. T.S, BN, RP conceived the study and carried out the sampling. 

691 T.S, BN & RP conducted the barcoding lab work. TT, TS and JK analysed the genetics data and 

692 TS identified all the samples as H. perlevis. SDM analysis were performed by DY. The main 

693 manuscript was prepared by TS, with assistance from all other authors. All authors reviewed and 

694 edited the manuscript.

695

696 Ethics and permits

697 We acknowledge that it is understood that with the submission of this article the authors have 

698 complied with the institutional and/or national policies governing the humane and ethical 

699 treatment of the experimental subjects and that we are willing to share the original data and 

700 materials if so requested. No ethics clearance was required for the survey and collection of 

701 intertidal sponges. The national collection permits were obtained from the Department of 

702 Forestry, Fisheries and Environment, Oceans and Coasts Branch.

703

704 Competing interests

705 The authors declare no competing interests.

706

707 References

PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed



708 Ackers RG, Moss D, Picton BE, Stone SM, Morrow CC. 2007. Sponges of the British Isles 

709 (Sponge V). 1992 [edition reset with modifications]. Marine Conservation Society/Ulster 

710 Museum, Belfast 1-75.

711

712 Alathea, L. 2015. Captioner: Numbers figures and creates simple captions. 

713 https://github.com/adletaw/captioner.

714

715 Alex A, Vasconcelos V, Tamagnini P, Santos A, Antunes A. 2012. Unusual symbiotic 

716 cyanobacteria association in the genetically diverse intertidal marine sponge Hymeniacidon 

717 perlevis (Demospongiae, Halichondrida). PLoS One 7(12): e51834, pp. 1–12. doi: 

718 10.1371/journal.pone.0051834.

719

720 Allaire J, Xie Y, McPherson J, Luraschi J, Ushey K, Atkins A, Wickham H, Cheng J, Chang W, 

721 Iannone R. 2021. rmarkdown: Dynamic Documents for R. R package version. 1(11). 

722 https://CRAN.R-project.org/package=rmarkdown

723

724 Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local alignment search tool. 

725 Journal of molecular biology. 215(3): 403-10.

726

727 Awad A, Greyling L, Kirkman S, Botes L, Clark B, Prochazka K, Robinson T, Kruger N, Joyce 

728 L. 2001. Port biological baseline surveys: Draft report Port of Saldanha, South Africa. 

729 Unpublished report pp 1-21

730

731 Awad AA, Griffiths CL, Turpie JK. 2002. Distribution of South African marine benthic 

732 invertebrates applied to the selection of priority conservation areas. Diversity and Distributions 

733 8(3): 129-45.

734

735 Bandelt HJ, Forster P, Röhl A. 1999. Median-joining networks for inferring intraspecific 

736 phylogenies. Molecular biology and evolution. 16(1): 37-48.

737

PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed



738 Barbet‐Massin M, Jiguet F, Albert CH, Thuiller W. 2012. Selecting pseudo‐absences for species 

739 distribution models: how, where and how many?. Methods in ecology and evolution. 3(2): 327-

740 38.

741

742 Benson DA, Cavanaugh M, Clark K, Karsch-Mizrachi I, Ostell J, Pruitt KD, Sayers EW. 2018. 

743 GenBank. Nucleic acids research 46(D1): D41-7.

744

745 Bergquist PR. 1970. The marine fauna of New Zealand: Porifera, Demospongiae. Memoirs of 

746 the New Zealand Oceanographic Institute 51: 1-85

747

748 Blamey LK, Branch GM. 2012. Regime shift of a kelp-forest benthic community induced by an 

749 ‘invasion’ of the rock lobster Jasus lalandii. Journal of Experimental Marine Biology and 

750 Ecology 420–421: 33–47.

751

752 Bolton J, Anderson R, Smit A, Rothman M. 2012. South African kelp moving eastwards: The 

753 discovery of Ecklonia maxima (Osbeck) Papenfuss at De Hoop Nature Reserve on the south 

754 coast of South Africa. African Journal of Marine Science 34: 147–151.

755

756 Bolton JJ, Leliaert F, De Clerck O, Anderson RJ, Stegenga H, Engledow HE, Coppejans E. 

757 2004. Where is the western limit of the tropical Indian Ocean seaweed flora? An analysis of 

758 intertidal seaweed biogeography on the east coast of South Africa. Marine biology. 144(1):51-9.

759

760 Bowerbank JS. 1858. XVI. On the anatomy and physiology of the spongiadæ. Philosophical 

761 Transactions of the Royal Society of London (148): 279-332.

762

763 Boury-Esnault N, Rützler K. 1997. Thesaurus of sponge morphology. Smithsonian Contribution 

764 to Zoology 1-55. https://doi.org/10.5479/si.00810282.596

765

766 Branch GM, Griffiths CL, Branch ML and Beckley LE. 2017. Two oceans: a guide to the marine 

767 life of southern Africa. Penguin Random House South Africa.

768

PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed



769 Carballo JL, Aguilar-Camacho JM, Knapp IS, Bell JJ. 2013. Wide distributional range of marine 

770 sponges along the Pacific Ocean. Marine Biology Research 9(8): 768-75. 

771 doi: 10.1080/17451000.2013.765581.

772

773 Carbonell JA, Wang YJ, Stoks R. 2021. Evolution of cold tolerance and thermal plasticity in life 

774 history, behaviour and physiology during a poleward range expansion. Journal of Animal 

775 Ecology 90(7): 1666-77. doi: 10.1111/1365-2656.13482.

776

777 Day JH. 1974. A guide to marine life on South African shores. Cape Town/Rotterdam: Balkema. 

778 51 pp. 

779

780 De Paula TS, Zilberberg C, Hajdu E, Lôbo-Hajdu G. 2012. Morphology and molecules on 

781 opposite sides of the diversity gradient: four cryptic species of the Cliona celata (Porifera, 

782 Demospongiae) complex in South America revealed by mitochondrial and nuclear markers. 

783 Molecular Phylogenetics and Evolution 62(1): 529-41.

784

785 Demarcq H, Barlow RG, Shillington FA. 2003. Climatology and variability of sea surface 

786 temperature and surface chlorophyll in the Benguela and Agulhas ecosystems as observed by 

787 satellite imagery. African Journal of Marine Science 25(1): 363-72. 

788 doi:10.2989/18142320309504022.

789

790 Dijoux L, Viard F, Payri C. 2014. The more we search, the more we find: discovery of a new 

791 lineage and a new species complex in the genus Asparagopsis. PloS one 9(7): e103826, pp. 1–

792 13. doi:10.1371/journal.pone.0103826.

793

794 de Voogd NJ, Alvarez B. Boury-Esnault N, Carballo JL, Cárdenas P, Díaz M-C, Dohrmann M, 

795 Downey R, Hajdu E, Hooper JNA, Kelly M. Klautau M, Manconi R, Morrow CC, Pisera AB, 

796 Ríos P, Rützler K, Schönberg C, Vacelet J, van Soest RWM. 2021. World Porifera 

797 Database. Hymeniacidon caruncula Bowerbank, 1858. 

798 http://www.marinespecies.org/porifera/porifera.php?p=taxdetails&id=191968 on 2022-03-03

799

PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed



800 Douek J, Paz G, Gayer K, Mendelson M, Rinkevich B, Galil BS. 2021. An outbreak of Perna 

801 perna (Linnaeus, 1758)(Mollusca, Bivalvia, Mytilidae) in the Eastern Mediterranean. 

802 BioInvasions Record 10(1): 136–148. doi: 10.3391/bir.2021.10.1.15.

803

804 Duran S, Pascual M, Turon X. 2004. Low levels of genetic variation in mtDNA sequences over 

805 the western Mediterranean and Atlantic range of the sponge Crambe crambe (Poecilosclerida). 

806 Marine Biology 144(1): 31-5.

807

808 Erpenbeck D and Van Soest RWM. 2002. Family Halichondriidae Gray, 1867, Systema Porifera, 

809 pp. 787–815. doi: 10.1007/978-1-4615-0747-5_84.

810

811 Emanuel BP, Bustamante RH, Branch GM, Eekhout S, Odendaal FJ. 1992. A zoogeographic and 

812 functional approach to the selection of marine reserves on the west coast of South Africa. South 

813 African Journal of Marine Science 12(1): 341-54.

814

815 Felsenstein J. 1985. Confidence limits on phylogenies: an approach using the bootstrap. 

816 Evolution 39(4): 783-91.

817

818 Folmer O, Black M, Hoeh W, Lutz R & Vrijenhoek R. 1994. DNA primers for amplification of 

819 mitochondrial cytochrome c oxidase subunit I from diverse metazoan invertebrates. Molecular 

820 Marine Biology and Biotechnology 3: 294–299.

821 Gaino E, Frine C, Giuseppe C. 2010. Reproduction of the intertidal sponge Hymeniacidon 

822 perlevis (Montagu) along a bathymetric gradient. The Open Marine Biology Journal 4(1): 47-56.

823

824 Gastaldi M, De Paula TS, Narvarte MA, Lôbo-Hajdu G, Hajdu E. 2018. Marine sponges 

825 (Porifera) from the Bahía San Antonio (North Patagonian Gulfs, Argentina), with additions to 

826 the phylogeography of the widely distributed Cliona aff. celata and Hymeniacidon perlevis, and 

827 the description of two new species. Marine Biology Research 14(7): 682-716. doi: 

828 10.1080/17451000.2018.1506136.

829

PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed



830 Gouws G, Kerwath SE, Potts WM, James NC, Vine NG, Cowley PD. 2020. High genetic 

831 diversity and limited spatial structure in an endangered, endemic South African sparid, the red 

832 steenbras Petrus rupestris. African Journal of Marine Science 42(3): 295-306.

833

834 Harbo RM, Ott B, Reiswig HM, McDaniel N. 2021. First Canadian record (Ladysmith Harbour, 

835 British Columbia) of the non-native European sponge Hymeniacidon perlevis (Montagu, 

836 1814)(Porifera, Demospongiae). BioInvasions Record 10(2): 277–286. doi: 

837 10.3391/bir.2021.10.2.05.

838

839 Haydar D, Hoarau G, Olsen JL, Stam WT, Wolff WJ. 2011. Introduced or glacial relict? 

840 Phylogeography of the cryptogenic tunicate Molgula manhattensis (Ascidiacea, Pleurogona). 

841 Diversity and Distributions 17(1): 68-80.doi: 10.1111/j.1472-4642.2010.00718.x.

842

843 Henry L, & Wickham H. 2020. Purrr: Functional programming tools. https://CRAN.R-

844 project.org/package=purrr.

845

846 Kado R .2003. Invasion of Japanese shores by the NE Pacific barnacle Balanus glandula and its 

847 ecological and biogeographical impact. Marine Ecology Progress Series 249: 199–206

848

849 Keller RP, Geist J, Jeschke JM, Kühn I. 2011. Invasive species in Europe: ecology, status, and 

850 policy. Environmental Sciences Europe 23(1): 1-7. doi: 10.1186/2190-4715-23-23.

851

852 Kensley BF, Penrith ML. 1980. The constitution of the fauna of rocky intertidal shores of South 

853 West Africa. Part 3. The north coast from False Cape Frio to the Kunene River. Cimbebasia.

854

855 Kleinbaum DG, Klein M. 2010. Assessing discriminatory performance of a binary logistic 

856 model: ROC curves. InLogistic Regression pp. 345-387. Springer, New York, NY.

857

858 Lamarck [JBM] de. 1819. Histoire naturelle des animaux sans vertèbres. Tome 6(1): vi + 343 

859 pp. Paris. http://www.biodiversitylibrary.org/item/47441 [details] 

860

PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed



861 Lee KM, Boo GH, Coyer JA, Nelson WA, Miller KA, Boo SM. 2014. Distribution patterns and 

862 introduction pathways of the cosmopolitan brown alga Colpomenia peregrina using mt cox3 and 

863 atp6 sequences. Journal of applied phycology 26(1): 491-504. doi: 10.1007/s10811-013-0052-1.

864

865 Leigh JW, Bryant D. POPART: full-feature software for haplotype network construction. 

866 Methods in Ecology and Evolution 6(9): 1110-6.

867

868 Linnaeus, C. 1758. Systema Naturae per regna tria naturae, secundum classes, ordines, genera, 

869 species, cum characteribus, differentiis, synonymis, locis. Editio decima, reformata [10th revised 

870 edition], vol. 1: 824 pp. Laurentius Salvius: Holmiae. https://biodiversitylibrary.org/page/726886

871

872 Lloret F, Médail F, Brundu G, Hulme PE. 2004. Local and regional abundance of exotic plant 

873 species on Mediterranean islands: are species traits important?. Global Ecology and 

874 Biogeography 13(1): 37-45. doi: 10.1111/j.1466-882X.2004.00064.x.

875

876 Lourenço CR, Nicastro KR, McQuaid CD, Chefaoui RM, Assis J, Taleb MZ, Zardi GI. 2017. 

877 Evidence for rangewide panmixia despite multiple barriers to dispersal in a marine mussel. 

878 Scientific Reports 7(1):1-6. doi: 10.1038/s41598-017-10753-9.

879

880 Lutjeharms JR, Cooper J, Roberts M. 2000. Upwelling at the inshore edge of the Agulhas 

881 Current. Continental Shelf Research 20(7): 737-61.

882

883 Lutjeharms JR. 2006. Three decades of research on the greater Agulhas Current. Ocean Science 

884 Discussions 3(4): 939-95.

885

886 Mackie JA, Keough MJ, Christidis L. 2006. Invasion patterns inferred from cytochrome oxidase 

887 I sequences in three bryozoans, Bugula neritina, Watersipora subtorquata, and Watersipora 

888 arcuata. Marine Biology 149(2): 285-95. doi: 10.1007/s00227-005-0196-x.

889 Maldonado M. 2006. The ecology of the sponge larva. Canadian Journal of Zoology 84(2): 175-

890 194. https://doi.org/10.1139/z05-177

891

PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed



892 Mead A, Carlton JT, Griffiths CL, Rius M. 2011. Introduced and cryptogenic marine and 

893 estuarine species of South Africa. Journal of Natural History 45(39-40): 2463-2524. doi: 

894 10.1080/00222933.2011.595836.

895

896 Mead A, Griffiths CL, Branch GM, McQuaid CD, Blamey LK, Bolton JJ, Anderson RJ, Dufois 

897 F, Rouault M, Froneman PW, Whitfield AK. 2013. Human-mediated drivers of change—impacts 

898 on coastal ecosystems and marine biota of South Africa. African Journal of Marine Science 

899 35(3): 403-25. doi: 10.2989/1814232X.2013.830147.

900

901 Molnar JL, Gamboa RL, Revenga C, Spalding MD. 2008. Assessing the global threat of invasive 

902 species to marine biodiversity. Frontiers in Ecology and the Environment 6(9): 485-92. doi: 

903 10.1890/070064.

904

905 Montagu G. 1818. An Essay on Sponges, with Descriptions of all the Species that have been 

906 discovered on the Coast of Great Britain. Memoirs of the Wernerian Natural History 

907 Society. 2(1): 67-122, pls III-XVI. https://www.biodiversitylibrary.org/page/45847761

908

909 Park MH, Sim CJ, Baek J, Min GS. 2007. Identification of genes suitable for DNA barcoding of 

910 morphologically indistinguishable Korean Halichondriidae sponges. Molecules & Cells 

911 (Springer Science & Business Media BV) 23(2).

912

913 Penrith ML, Kensley BF. 1970a. The constitution of the intertidal fauna of rocky shores of South 

914 West Africa Part. 1. Luderitzbucht. Cimbebasia.

915

916 Penrith ML, Kensley BF. 1970b. The constitution of the fauna of rocky intertidal shores of South 

917 West Africa. Part 2 Rocky Point. Cimbebasia.

918

919 Pérez-Portela R, Arranz V, Rius M, Turon X. 2013. Cryptic speciation or global spread? The 

920 case of a cosmopolitan marine invertebrate with limited dispersal capabilities. Scientific Reports 

921 3: 3197.

922

PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed



923 Pfaff MC, Biccard A, Mvula PE, Olbers J, Mushanganyisi K, Macdonald A, Samaai T. in press. 

924 Giants and titans: first records of the invasive acorn barnacles Megabalanus tintinnabulum 

925 (Linnaeus, 1758) and Megabalanus coccopoma (Darwin, 1854) on intertidal rocky shores of 

926 South Africa. BioInvasions Records 11. 

927

928 R Core Team. 2021. R: A language and environment for statistical computing. R Foundation for 

929 Statistical Computing, Vienna, Austria. https://www.R-project.org/.

930

931 Regueiras A, Alex A, Costa MS, Pereira S, Vasconcelos V. 2019. Diversity of intertidal marine 

932 sponges from the western coast of Portugal (North-east Atlantic). Journal of the Marine 

933 Biological Association of the United Kingdom 99(6): 1253-65. doi: 

934 10.1017/S0025315419000420.

935

936 Reimers B, Griffiths C, Hoffman M 2014. Repeat photography as a tool for detecting and 

937 monitoring historical changes in South African coastal habitats. African Journal of Marine 

938 Science 36: 387–398.

939

940 Robinson TB, Griffiths CL, McQuaid CD, Rius M. 2005. Marine alien species of South Africa—

941 status and impacts. African Journal of Marine Science 27(1):297-306.

942

943 Robinson, D., Hayes, A., and Couch, S. 2022. Broom: Convert statistical objects into tidy 

944 tibbles. https://CRAN.R-project.org/package=broom.

945

946 Samaai T, Gibbons MJ. 2005. Demospongiae taxonomy and biodiversity of the Benguela region 

947 on the west coast of South Africa. African Natural History 1(1): 1-96.

948

949 Samaai T. 2006. Biodiversity" hotspots", patterns of richness and endemism, and distribution of 

950 marine sponges in South Africa based on actual and interpolation data: A comparative approach. 

951 Zootaxa 1358(1):1-37.

952

PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed



953 Sayers EW, Cavanaugh M, Clark K, Ostell J, Pruitt KD, Karsch-Mizrachi I. 2019. GenBank. 

954 Nucleic acids research 47(D1): D94-9.

955

956 Schwindt E, Carlton JT, Orensanz JM, Scarabino F, Bortolus A. 2020. Past and future of the 

957 marine bioinvasions along the Southwestern Atlantic. Aquatic Invasions 15(1): 11-29. doi: 

958 10.3391/AI.2020.15.1.02.

959

960 Sink KJ, van der Bank MG, Majiedt PA, Harris LR, Atkinson LJ, Kirkman SP, Karenyi N (eds). 

961 2019. South African National Biodiversity Assessment 2018 Technical Report Volume 4: Marine 

962 Realm. South African National Biodiversity Institute, Pretoria. South Africa. 

963 http://hdl.handle.net/20.500.12143/6372

964

965 Smit AJ, Roberts M, Anderson RJ, Dufois F, Dudley SF, Bornman TG, Olbers J, Bolton JJ. 

966 2013. A coastal seawater temperature dataset for biogeographical studies: large biases between 

967 in situ and remotely-sensed data sets around the coast of South Africa. PLoS One 8(12): e81944. 

968 doi: 10.1371/journal.pone.0081944.

969

970 Stephens J. 1915. XV.—Atlantic Sponges collected by the Scottish National Antarctic 

971 Expedition. Earth and Environmental Science Transactions of The Royal Society of Edinburgh 

972 50(2): 423-67.

973

974 Stephenson TA. 1939. The constitution of the intertidal fauna and flora of South Africa. Part 1. 

975 Zoological Journal of the Linnean Society London 40: 487-536.

976

977 Stephenson TA. 1944. The constitution of the intertidal fauna and flora of South Africa. Part II. 

978 Annals of the Natal Museum 10: 261-358. 

979

980 Stephenson TA. 1948.The constitution of the intertidal fauna and flora of South Africa. Part III. 

981 Annals of the Natal Museum 11: 207-324.

982

PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed



983 Stephenson TA, Stephenson A. 1974. Life between tidemarks on rocky shores. Balkema, Cape 

984 Town, South Africa

985

986 Schmitt S, Pouteau R, Justeau D, De Boissieu F, Birnbaum P. 2017. ssdm: An r package to 

987 predict distribution of species richness and composition based on stacked species distribution 

988 models. Methods in Ecology and Evolution 8(12): 1795-803.

989

990 Tamura K. (1992). Estimation of the number of nucleotide substitutions when there are strong 

991 transition-transversion and G + C-content biases. Molecular Biology and Evolution 9: 678-687.

992

993 Tamura K, Stecher G, Kumar S. 2021. MEGA11: molecular evolutionary genetics analysis 

994 version 11. Molecular biology and evolution 38(7): 3022-7.

995

996 Teske, Peter R.; Von der Heyden, Sophie; McQuaid, Christopher D.; Barker, Nigel P. (2011). A 

997 review of marine phylogeography in southern Africa. South African Journal of Science, 

998 107(5/6). doi:10.4102/sajs.v107i5/6.514 

999

1000 Teske PR, Bader S & Golla TR. 2015. Passive dispersal against an ocean current. Marine 

1001 Ecology Progress Series 539: 153–163. https://doi.org/10.3354/meps11516

1002

1003 Thompson JD, Higgins DG, Gibson TJ. 1994. CLUSTAL W: improving the sensitivity of 

1004 progressive multiple sequence alignment through sequence weighting, position-specific gap 

1005 penalties and weight matrix choice. Nucleic acids research 22(22): 4673-80.

1006

1007 Turpie JK, Beckley LE, Katua SM. 2000. Biogeography and the selection of priority areas for 

1008 conservation of South African coastal fishes. Biological conservation 92(1): 59-72.

1009

1010 Turner T. 2020. The marine sponge Hymeniacidon perlevis is a globally-distributed exotic 

1011 species. Aquatic Invasions 15(4): 542–561. doi: 10.3391/ai.2020.15.4.01.

1012

PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed



1013 VanDerWal J, Murphy HT, Kutt AS, Perkins GC, Bateman BL, Perry JJ, Reside AE. 2013. 

1014 Focus on poleward shifts in species' distribution underestimates the fingerprint of climate 

1015 change. Nature climate change 3(3): 239-43.

1016

1017 Villiers de S. 2017. Eutrophication status of South Africa’s coastal waters. In Verheye HM, 

1018 Kirkman SP, Crawford RJM and Huggett JA (eds). Status of the Oceans and Coasts Report 

1019 around South Africa, 2016 Report Card, Report no. 16: 

1020

1021 Wickham H, Chang W, Henry L. 2018. ggplot2: create elegant data visualisations using the 

1022 grammar of graphics.[R package]. https://CRAN.R-project.org/package=ggplot2.

1023

1024 Wickham, H., François, R., Henry, L., and Müller, K. 2021b. Dplyr: A grammar of data 

1025 manipulation. https://CRAN.R-project.org/package=dplyr.

1026

1027 Wörheide G. 2006. Low variation in partial cytochrome oxidase subunit I (COI) mitochondrial 

1028 sequences in the coralline demosponge Astrosclera willeyana across the Indo-Pacific. Marine 

1029 Biology 148(5): 907-12.

1030

1031 Won NI, Lee GE, Ko K, Oh DC, Na YH, Park JS. 2017. Identification of a bioactive compound, 

1032 violacein, from Microbulbifer sp. isolated from a marine sponge Hymeniacidon sinapium on the 

1033 west coast of Korea. Microbiology and Biotechnology Letters 45(2): 124-32.

1034

1035 Xie, Y. 2021. Knitr: A general-purpose package for dynamic report generation in r. 

1036 https://yihui.org/knitr/.

1037

1038 Xue L, Zhang X, Zhang W. 2009. Larval release and settlement of the marine sponge 

1039 Hymeniacidon perlevis (Porifera, Demospongiae) under controlled laboratory conditions. 

1040 Aquaculture 290: 132–139, https://doi.org/10.1016/j.aquaculture.2009.01.037

1041 Zardi GI, McQuaid CD, Teske PR, Barker NP. 2007. Unexpected genetic structure of mussel 

1042 populations in South Africa: indigenous Perna perna and invasive Mytilus galloprovincialis. 

1043 Marine Ecology Progress Series 337: 135-44. doi: 10.3354/meps337135.

PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed



1044

1045

1046

PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed



Figure 1
Global occurrence records of Hymeniacidon perlevis

Global occurrence records of Hymeniacidon perlevis
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Figure 2
H. perlevis range along the South African and Namibian coastline.

H. perlevis range along the South African and Namibian coastline. Presence and absence of
H. perlevis marked by blue and red dots respectively. White dots represent surveyed sites
where no H. perlevis was found. Surveyed locations are described in Supplementary Table 1,
from west to east. Arrow indicates north. The map was created using the open source
software R.
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Figure 3
Images of Hymeniacidon perlevis collected from different intertidal rocky shores along
the South African coastline.

Images of Hymeniacidon perlevis collected from different intertidal rocky shores along the
South African coastline. A. Groenrivier mund (photo credit Prof. George Branch); B. Moon
Bay; C. Elands Bay (photo credit Prof. George Branch); D. Jacobs Bay; E. Springfontein (photo
credit Prof. George Branch); F. Cape Peninsula Greenpoint; G. Stand, H. Kommetjie (photo
credit Prof. George Branch); I. Bettys Bay; J. Tsitsikamma; K. Dwesa (photo credit Prof.
George Branch); Tedania anhalens from L. Dwesa, M. Coffee Bay, N. Hluleka (photo credit
Prof. George Branch), O. Port St Johns and P. Sodwana Bay.

PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed



PeerJ reviewing PDF | (2022:03:72071:0:2:NEW 25 Mar 2022)

Manuscript to be reviewed



Figure 4
Minimum-spanning genotype networks for two loci for South African samples. Samples
are coded by bioregion.

Minimum-spanning genotype networks for two loci for South African samples. Samples are
coded by bioregion.
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Figure 5
Minimum-spanning genotype networks for two loci.

Minimum-spanning genotype networks for two loci. Samples are coded by collection location,
regardless of whether they were identified as H. perlevis, H. sinapium, or H. heliophila.
Closely related H. flavia are shown for comparison where available; all data for this species is
from Japan and Korea.
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Figure 6
Predicted global distribution for Hymeniacidon perlevis

Predicted global distribution for the orange/red encrusting sponge Hymeniacidon perlevis

derived by averaging an ensemble of presence-absence algorithms. Shown for the thinned
and raw data.
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Figure 7
Hymeniacidon perlevis photomicrograph and in situ image

Hymeniacidon perlevis, A. in situ; B. Photomicrograph of spicule compliment, styles; C.
Transverse histological section loose wispy tracts and Paratangential layer in the ectosome;
Hymeniacidon caruncula sensu Stephens (1915), D. in situ; E. Photomicrograph of spicule
compliment, styles; Hymeniacidon styliferus Stephens, 1915, syntype, F. in situ; G.
Photomicrograph of spicule compliment, styles.
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Figure 8
Megasclere spicule lengths for the South African and Global species of Hymeniacidon
perlevis.

Megasclere spicule lengths for the South African and Global species of Hymeniacidon

perlevis. Each point represents the max and min spicule length for a specimen.
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Table 1(on next page)

Comparative micrometric data of spicules for voucher specimens of H. perlevis from
South Africa. Micrometric values in μm

Comparative micrometric data of spicules for voucher specimens of H. perlevis from South
Africa. Micrometric values in μm.
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1 TABLE 1. Comparative micrometric data of spicules for voucher specimens of H. perlevis from South Africa. 

2 Micrometric values in μm

Species Specimen Location Large style Medium style Small style

TS305 Jacobs Bay 337 × 7 μm 155 × 7 μm

TS1163 Knysna 381 (336–437) × 5 μm 270 (224–324) × 2.4 

μm
168 (146–190) × 2.4 μm

TS1167 Tsitsikamma 386 (347–420) × 5 μm 274 (246–308) × 2.4 

μm
167 (145–207) × 2.4 μm

TS1189 Robberg 359 (336–370) × 5 μm 285 (235–308) × 4.8 

μm
157 (140–196) × 4.8 μm

TS2736 Greenpoint 375 (336–420) × 11.2 

μm
290 (246–314) × 11.2 

μm
162 (140–224) × 5.6 μm

TS2736 Dalebrook 374 (336–420) × 11.2 

μm
290 (252–308) × 11.2 

μm
163 (140–196) × 5.6 μm

TS2743 Strand 390 (358–427) × 11.2 

μm
294 (280–308) × 11.2 

μm
187 (168–190) × 5.6 μm

TS2765 Mazeppa 307 (280–336) × 11.2 

μm
144 (112–168) × 5.6 μm

TS2935 Groenrivier 

Mund

416 (364–476) × 11.2 

μm
274 (224–336) × 5.6 

μm
194 (179–213) × 5.6 μm

TS2963 Rooiklippies 493 (364–431) × 11.2 

μm
288 (246–336) × 11.2 

μm
198 (190–213) × 5.6 μm

TS3359 Dwesa 378 (358–420) × 5.6 μm 321 (302–336) × 5.6 

μm
187 (157–213) × 5.6 μm

Hymeniacidon 

perlevis 

TS4860 Haga Haga 375 (336–403) × 5.6 μm 321 (302–336) × 5.6 187 (157–213) × 5.6 μm
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