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ABSTRACT 36 

Despite studies suggesting that most seaweeds are poor dispersers, many red algal 37 

species are reported to have circumglobal distributions. Such distributions have mostly 38 

been based on morphological identifications, but molecular data have revealed a range 39 

of issues with morphologically defined species boundaries. Consequently, the real 40 

distribution of such reportedly circumglobal species must be questioned. In this study, 41 

we analysed molecular datasets (rbcL gene) of nine species in the Rhodomelaceae for 42 

which samples were available from widely spaced geographical locations. Three overall 43 

patterns were identified: 1) species showing strong phylogeographic structure (i.e. 44 

phylogenetic similarity correlates with geographical provenance), often to the point that 45 

populations from different locations could be considered as different species 46 

(Lophosiphonia obscura, Ophidocladus simpliciusculus, Polysiphonia villum and 47 

Xiphosiphonia pinnulata); 2) species with a broad distribution that is explained, in part, 48 

by putative human-mediated transport (Symphyocladia dendroidea and Polysiphonia 49 

devoniensis); and 3) non-monophyletic complexes of cryptic species, most with a more 50 

restricted distribution than previously thought (Herposiphonia tenella, S. dendroidea 51 

and the X. pennata complex that includes the species X. pinnulata and S. spinifera). 52 

This study shows that widely distributed species are the exception in marine red algae, 53 

unless they have been spread by humans. 54 

 55 
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INTRODUCTION 59 

Phylogeography of marine organisms is influenced by barriers to dispersal and 60 

geographical distance, as well as by aspects of their life-history, physiology and ecology 61 

(Jackson 1974, Palumbi 1994, Riginos et al. 2011). The dispersal ability of seaweeds is 62 

generally very limited, of the order of tens of meters or less (Santelices 1990, Kinlan 63 

and Gaines 2003, Destombe et al. 2009). However, long-distance dispersal is known in 64 

brown seaweeds with buoyant structures (Fraser et al. 2009, Macaya and Zuccarello 65 

2010), which can act as rafts promoting in turn the dispersal of the epiphytic species 66 

that they host (Fraser et al. 2013, Macaya et al. 2016, López et al. 2017, 2018). Still, a 67 

large proportion of macroalgae are epilithic, so their expected dispersal ability is very 68 

limited and consequently their distribution range is expected to be relatively small. 69 

Paradoxically, many macroalgal species are reported to be very widely or even globally 70 

distributed. 71 

Records are usually based only on morphological identification, which can be 72 

inaccurate due to morphological plasticity within species as well as similarity between 73 

cryptic species (e.g. Verbruggen 2014, Schneider et al. 2017). Closer investigation of 74 

material from distant regions using DNA data commonly leads to the discovery of 75 

cryptic species (e.g. Won et al. 2009, Bustamante et al. 2014, Schneider et al. 2017). 76 

Even though studies combining morphological and molecular data are increasing, DNA 77 

databases are still very limited for most algal groups and molecular data are often 78 

available only for some regions. As a consequence, the true distribution of many 79 

seaweed species should be regarded as uncertain. Few studies have reassessed the 80 

distribution of widely reported red algal species using molecular data from a broad 81 

sampling area. Complexes of look-alike species, as well as widely distributed species, 82 

have been detected (Zuccarello et al. 1999, Zuccarello et al. 2002a, Zuccarello & West 83 
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2003, Won et al. 2009). Among the widely distributed species, some exhibit high 84 

genetic variability and strong phylogeographic structure that often distinguishes 85 

populations from different basins (Zuccarello et al. 2002a, b, Won et al. 2009). Other 86 

widely distributed species lack phylogeographic signal, suggesting long-distance 87 

dispersal processes by unknown mechanisms (Zuccarello et al. 2002a, Fraser et al. 88 

2013). Therefore, red algal phylogeographic patterns are highly heterogeneous and 89 

depend on evolutionary histories and dispersal abilities.   90 

In addition to natural dispersal mechanisms, human-mediated vectors can transport 91 

seaweeds from native areas to other world regions and rapidly alter distribution patterns 92 

(Straub et al. 2016). More than 208 red algal species have been considered as introduced 93 

or cryptogenic in one or several regions (Thomsen et al. 2016). Cryptic introductions 94 

are common in the red algae and non-native species often remain unnoticed until 95 

diversity surveys use molecular tools (McIvor et al. 2001, Zuccarello et al. 2002b, Díaz-96 

Tapia et al. 2013b, 2017a). Considering the low dispersal ability of non-buoyant 97 

epilithic red algae, we hypothesize that the distribution of most truly cosmopolitan 98 

species can be explained by human-mediated transport – which is frequently provided 99 

as a potential explanation for wide distributions of species (Zuccarello et al. 2002a,b, 100 

Fraser et al. 2013). 101 

The Rhodomelaceae, with >1,000 recognized species, is the most diverse red algal 102 

family (Guiry and Guiry 2018). It includes numerous examples of widely reported 103 

species and, as in most red algal groups, cryptic diversity is common (e.g. Zuccarello et 104 

al. 2002a, Díaz-Tapia and Bárbara 2013, Bustamante et al. 2014, Savoie and Saunders 105 

2016, Zuccarello et al. 2018). Among the red algae the Rhodomelaceae accounts for the 106 

largest number of introduced species (Williams and Smith 2007). Members of this 107 

family are often major components of algal turfs where canopy-forming brown algae 108 
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with buoyant structures are rare as a consequence of the stressful conditions imposed by 109 

the presence of sediment (Airoldi 1998, Díaz-Tapia et al. 2013a). This makes the family 110 

a good candidate to test hypotheses about species distributions and phylogeographic 111 

patterns. 112 

The objective of this paper is to reassess the wide reported distributions of nine turf-113 

forming species of the family Rhodomelaceae using DNA sequences. Using molecular 114 

data from distant locations within each species' reported distribution range, we evaluate 115 

whether these are indeed widely distributed species, analyse the observed 116 

phylogeographic patterns, and consider whether these species may have been introduced 117 

into one or several regions by human activities. 118 

 119 

MATERIALS AND METHODS  120 

Material of Herposiphonia tenella, Lophosiphonia obscura, Ophidocladus 121 

simpliciusculus, Polysiphonia villum, P. devoniensis, Symphyocladia spinifera, S. 122 

dendroidea, Xiphosiphonia pennata and X. pinnulata was collected in Norway, United 123 

Kingdom, France, Spain, Portugal, Italy, Brazil, Chile, Australia and South Africa 124 

during general sampling surveys of the family Rhodomelaceae (Table S1). All these 125 

species form epilithic turfs, most of them on intertidal sand-covered rocks (Womersley 126 

2003, Díaz-Tapia & Bárbara 2013). Lophosiphonia obscura was found in North 127 

Atlantic brackish water coastal lagoons or estuaries, and Symphyocladia dendroidea 128 

was collected in Australian and Chilean shallow subtidal turfs. Distribution maps of 129 

records for these species (Figs 1-3, lines) were drawn up based on information available 130 

in AlgaeBase and references therein (Guiry and Guiry 2018). 131 
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DNA was extracted from silica gel-dried material following Saunders and McDevit 132 

(2012), using the Qiagen DNeasy Plant Mini Kit (Qiagen GmbH, Hilden, Germany) or 133 

the Promega Wizard Magnetic 96 DNA Plant System kit (Promega Corporation, 134 

Madison, USA), following the manufacturer's instructions. PCR amplification was 135 

carried out for the rbcL gene using primers F7/RrbcStart, F7/R893 or F57/rbcLrevNEW 136 

(Freshwater and Rueness 1994, Mamoozadeh and Freshwater 2011, Saunders and 137 

Moore 2013), as well as the newly designed primers F2 138 

(TGTCTAACTCTGTAGAACAACGGA), F8 (ACTCTGTAGAASAACGGACAMG), 139 

R1008 (AACTACTACAGTACCAGCATG), R1464 140 

(AACATTAGCTGTTGGAGTTTCYAC) and R1452 141 

(TGGAGTTTCYACRAAGTCAGCTGT). Names of these primers indicate their 142 

position in the rbcL gene (e.g. first base of F2 primer corresponds with the second base 143 

of the rbcL gene). PCR reactions were performed in a total volume of 25 µl containing 144 

1× MyTaqTM reaction buffer, 0.28 µM of forward and reverse primers, 0.125 units My 145 

TaqTM DNA Polymerase (Bioline, London, UK) and 1 µl template DNA. The PCR 146 

profile consisted of initial denaturation (93ºC for 3 min), 35 cycles of denaturation 147 

(94ºC for 30 s), primer annealing (45ºC for 30 s), and extension (74ºC for 90 s) and 148 

final extension (74ºC for 5 min). The PCR products were purified and sequenced at 149 

Queen's University of Belfast on an AB3730xl DNA Analyzer (Applied Biosystems, 150 

Foster City, CA, USA) or commercially by Macrogen or the sequencing service of the 151 

University of A Coruña.  152 

A total of 128 new rbcL sequences were generated in this study and an additional 153 

91 sequences were downloaded from GenBank (Table S1). Length of sequences ranged 154 

from 585 to 1467 (Table S1). Sequences were aligned using Muscle in Geneious 6.1.8 155 

(Kearse et al. 2012). As a first stage, we analysed these sequences in taxon-rich datasets 156 
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for the tribes Herposiphonieae, Pterosiphonieae, Polysiphonieae and Streblocladieae to 157 

verify that the target species were monophyletic. Based on the resulting trees, we 158 

selected all sequences corresponding to the species (or group of closely related species) 159 

that are the focus of this paper. These datasets were analyzed species by species using 160 

the unweighted pair group method with arithmetic mean (UPGMA). For two complexes 161 

of non-sister species in our initial taxon-rich trees (Symphyocladia dendroidea and 162 

Herposiphonia tenella), we included wider species sampling considering the available 163 

data for the respective genera (Table S1). We performed maximum likelihood (ML) 164 

analyses separately for each of the two genera using RAxML 8.1.X (Stamatakis 2014). 165 

GTR-Gamma was used as the nucleotide model and branch support was estimated with 166 

1000 bootstrap replicates. Three species of Xiphosiphonia and Dipterosiphonia were 167 

selected as the respective outgroups for the Symphyocladia and Herposiphonia trees 168 

based on our phylogenomic analyses of the major lineages of the Rhodomelaceae (Díaz-169 

Tapia et al. 2017b).  170 

 171 

RESULTS 172 

The taxonomy of several of the studied species is complex and details are provided in 173 

Supplement 1. 174 

Ophidocladus simpliciusculus 175 

Ophidocladus simpliciusculus was collected in four out of the six world regions where it 176 

has been reported (Fig. 1a). The UPGMA analyses included 15 newly determined rbcL 177 

sequences and two downloaded from GenBank (Table S1). Sequences comprised four 178 

haplotypes (Fig. 1b): haplotype 1, seven samples from Europe (Atlantic and 179 

Mediterranean); haplotype 2, six samples from Australia; haplotype 3, one sample from 180 

South Africa; and haplotype 4, three samples from Brazil. The South African sample 181 
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differed by only 0.1% (1 bp) from the Australian samples, while Brazilian samples were 182 

the most divergent (up to 0.8% and 11 bp) from samples from other regions. Our results 183 

indicate that O. simpliciusculus has a unique rbcL haplotype in each region, but it has a 184 

strong phylogeographic structure. 185 

 186 

Lophosiphonia obscura 187 

Lophosiphonia obscura has been reported in the Atlantic and Indo-Pacific and 188 

sequences are available from Europe and Australia (Fig. 1c). Furthermore, our dataset 189 

also included Polysiphonia hemisphaerica from Norway and P. boldii from Texas, USA 190 

which may be conspecific as suggested by the low rbcL divergence with L. obscura (see 191 

Supplement 1). We analysed six newly determined rbcL sequences and two 192 

downloaded from GenBank for Lophosiphonia obscura, Polysiphonia hemisphaerica 193 

and P. boldii (Table S1). Four haplotypes were found (Fig. 1d): 1) four samples from 194 

Spain (Atlantic and Mediterranean) and Norway; 2) a sample from the United 195 

Kingdom; 3) a sample from USA; and 4) two samples from Australia. Atlantic samples 196 

differed by 0.1-0.2% (1-2 bp), while Australian samples were 0.7-0.9% (8-11) divergent 197 

from the Atlantic samples. Our results indicate that the lineage formed by these three 198 

taxa is moderately variable in the North Atlantic, and is clearly separated from the 199 

Australian populations. 200 

 201 

Polysiphonia villum 202 

Molecular data were obtained from two regions where Polysiphonia villum (as P. 203 

scopulorum var. villum, see Supplement 1) had previously been reported (Fig. 1e). 204 

Furthermore, it was also sampled in Spain, the French Mediterranean and Australia, 205 
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where it is here newly recorded. The 13 sequences determined for P. villum and the two 206 

downloaded from GenBank (Table S1) belong to three haplotypes (Fig. 1f): 1) four 207 

samples from Australia, 2) three samples from Brazil and 3) eight samples from the 208 

North Atlantic (North Carolina, Spain and France). Australian samples were 0.5-0.6% 209 

(4-7 bp) divergent from the Atlantic samples and the Brazilian sequences differed by 210 

0.2% (2 bp) from the North Atlantic samples. Thus, P. villum shows a clear 211 

phylogeographic structure. 212 

 213 

Polysiphonia devoniensis 214 

Our dataset included samples from the previously recorded distribution in Atlantic 215 

Europe, as well as from the northwestern Mediterranean (Italy and France), the Adriatic 216 

Sea (Italy) and Victoria (Australia), from where P. devoniensis is here recorded for the 217 

first time (Fig. 2a, Table S1). Furthermore, sequences of P. kapraunii from North 218 

Carolina were also included in our dataset (see Supplement 1). Analyses including an 219 

rbcL sequence of P. kapraunii from GenBank and 21 newly determined sequences of P. 220 

devoniensis (Table S1) showed eight haplotypes (Fig. 2b). One haplotype was found in 221 

the northwestern Mediterranean, Atlantic Spain and Australia; one occurred in the 222 

Adriatic Sea and the northwestern Mediterranean; and six haplotypes were each 223 

represented by a single sample (two from Wales, two from the Adriatic Sea, one from 224 

the northwestern Mediterranean and one from North Carolina). The North Carolina 225 

sample identified as P. kapraunii was 0.2-0.3% (3-4 bp) divergent from two of the 226 

European samples (PD301 and PD2430). These three samples differ from the others by 227 

sequence divergences of 1-1.4% (12-18 bp), while divergence between the other five 228 

haplotypes is 0.1-1% (1-9 bp). The lineage formed by samples assigned to P. 229 
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devoniensis and P. kapraunii has a high genetic diversity and the distribution of 230 

haplotypes lacks geographic structure.  231 

 232 

Symphyocladia dendroidea complex 233 

Sequences of Symphyocladia dendroidea are available from most of the previously 234 

known distribution (British Columbia, California, Chile, Peru, Japan and the 235 

Mediterranean). Some of these sequences were labelled as Pterosiphonia tanakae (see 236 

Supplement 1). Furthermore, we collected this species in a Galician marina 237 

(northwestern Spain) and in Australia (Victoria), where it is here recorded for the first 238 

time (Fig. 2c).  239 

The rbcL data for Symphyocladia dendroidea reveal cryptic diversity in the 240 

Americas, as specimens from Peru and Chile and specimens from British Columbia 241 

(here referred as S. dendroidea 2) do not constitute a clade (Fig. S1, Table S1). In 242 

addition to these regions, both were recorded in California. S. dendroidea is resolved as 243 

sister to S. parasitica with high support, while S. dendroidea 2 is placed in a moderately 244 

supported clade together with S. brevicaulis and S. baileyi (Fig. S1). Molecular data 245 

show that S. dendroidea has a wide distribution in the Pacific and occurs in some 246 

European locations, while S. dendroidea 2 is apparently restricted to Pacific North 247 

America. 248 

In total, 28 rbcL sequences were analysed for Symphocladia dendroidea (some 249 

sequences labelled as S. tanakae, see Supplement 1) including 13 newly determined and 250 

15 downloaded from GenBank (Table S1). The UPGMA dendrogram shows seven 251 

haplotypes (Fig. 2d) of which five comprise samples from Pacific South America, one 252 

includes samples from Australia and Japan, and the other consists of samples from 253 
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California and Europe. Maximum variability between South American haplotypes is 254 

0.6% (8 bp), and sequence divergence between them and the two other clades is 0.4-1% 255 

(3-9 bp). These levels of rbcL variation suggest that this entity may consist of multiple 256 

species or highly differentiated populations.  257 

 258 

Xiphosiphonia pennata complex, including X. pinnulata and Symphyocladia spinifera 259 

Xiphosiphonia pennata has been reported in the Atlantic and Indo-Pacific (Fig 2e) and 260 

this morphological species is a complex of at least three non-sister species. Their 261 

taxonomy has been resolved with the clarification of the identity of X. pinnulata and S. 262 

spinifera that have been misidentified as X. pennata (see Supplement 1).  263 

At present, 39 rbcL sequences (16 newly determined and 23 downloaded from 264 

GenBank) are available for Symphyocladia spinifera from California, Pacific South 265 

America, Australia and Korea (Fig. 2f). The UPGMA shows 10 haplotypes of which 266 

four correspond to Korean samples, four to Peruvian samples, one to Australian samples 267 

and one to a Washingtonian sample (Fig. 2f). Sequence divergence among haplotypes is 268 

up to 0.9% (7 bp). Australian samples match the morphological concept of 269 

Xiphosiphonia pennata, but our molecular data reveal that none of them grouped with 270 

the European X. pennata but instead are mostly closely related to S. spinifera. 271 

Therefore, X. pennata should be excluded from the recorded Australian flora and 272 

replaced by S. spinifera. Interestingly, all the Australian samples belong to a single 273 

haplotype, which contrasts with the four haplotypes found in both Peru and Korea.  274 

Xiphosiphonia pinnulata sequences were resolved as three haplotypes of which 275 

two were found in European samples and one in Brazilian samples (Fig. 2g). Sequence 276 

divergence among them is up to 0.7% (9 bp) and between the two European clades is up 277 
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to 0.3% (3 bp). X. pennata was only found in the Atlantic Iberian Peninsula. Therefore, 278 

the widely reported X. pennata (as Pterosiphonia pennata) is apparently restricted to 279 

European shores. X. pinnulata is restricted to the Atlantic, where it has a strong 280 

phylogeographic structure with divergences that may even suggest they are separate 281 

species. S. spinifera is restricted to the Pacific and it has a high genetic variability 282 

between regions and within regions in Korea and South America.  283 

 284 

Herposiphonia tenella complex 285 

In total, 27 rbcL sequences were obtained for samples morphologically identified as 286 

Herposiphonia tenella from Europe, North America and Queensland (Australia) (Fig. 287 

3). They were analysed together with the available rbcL data for the genus (15 species). 288 

The phylogeny resolved H. tenella in seven lineages, four from the Atlantic and three 289 

from Queensland (Fig. 4). Sequence divergence among the lineages was at least 1.9%, 290 

while divergence within them was up to 0.7%. Only two of these lineages were resolved 291 

as sisters (1.9-2.1% sequence divergence), while the others, despite morphological 292 

similarities, were more closely related to other lineages. Thus, Herposiphonia tenella is 293 

a large species complex that requires taxonomic revision to better understand its cryptic 294 

diversity and the distribution of the resulting new species. Its type locality is in the 295 

Mediterranean, where three of the four European lineages were collected. 296 

 297 

DISCUSSION 298 

Species complexes 299 

In this work we detected several complexes of non-sister species (Xiphosiphonia 300 

pennata, Symphyocladia dendroidea and Herposiphonia tenella). Also, we found 301 
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species-level taxa that represent monophyletic lineages containing several haplotypes 302 

that in most cases are distributed in accordance with geographic regions. They could 303 

also be classified as species complexes, as sequence divergences between haplotypes 304 

are often large (up to 1.4%), possible evidence for multiple species. Interpretations of 305 

genetic divergences when delineating species boundaries vary among authors. For 306 

example, Melanothamnus harveyi/japonicus and other closely related species have been 307 

interpreted as a single species with an intraspecific variability in the rbcL gene ≤ 2.1 % 308 

(McIvor et al. 2001, as Polysiphonia) or as a species complex in which interspecific 309 

variability in the rbcL gene is 0.3-0.7 % (Savoie and Saunders 2015, as Neosiphonia). 310 

The species concept has been hotly debated, but there is a general consensus that 311 

speciation is a process that takes place when gene flow is interrupted as a consequence 312 

of isolation of populations (Coyne et al. 1988, Leliaert et al. 2014). In the present work, 313 

assessing species boundaries was not always straightforward, and we used information 314 

based on genetic divergences, species distribution and, in one lineage, interbreeding 315 

experiments described by Rueness (1973). The first scenario we encountered consists of 316 

species with a variety of haplotypes found in distant locations. Genetic isolation by 317 

distance seems obvious considering our data and, in some cases, where the divergences 318 

between distant populations are relatively large (≤ 0.9%), one might consider them 319 

different species (Ophidocladus simpliciusculus from Europe vs. Brazil vs. 320 

Australia/South Africa, Lophosiphonia obscura from the North Atlantic vs. Australia, 321 

Polysiphonia villum from the Atlantic vs. Australia, and Xiphosiphonia pinnulata from 322 

Brazil vs. Europe). However, the low number of samples in some regions or species, as 323 

well as the lack of sampling in other regions where these species were recorded or may 324 

be still unknown precludes a definitive conclusion. Perhaps the observed large sequence 325 

divergences between the lineages within these species would be less evident with larger 326 
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datasets. A second scenario is similar to the former, as it consists of species with a 327 

variety of haplotypes, but in this case several haplotypes share the same distribution (P. 328 

devoniensis, Symphyocladia dendroidea, S. spinifera). Thus, despite rbcL divergences 329 

among some haplotypes (≤ 1.4%) being even larger than in the previous group (≤ 330 

0.9%), whether they are at present reproductively isolated and should be considered as 331 

distinct species is uncertain. Interbreeding experiments may assist to clarify if these 332 

species should be considered as distinct or not. While successful reproduction may have 333 

multiple interpretations (Leliaert et al. 2014), unsuccessful reproduction indicates 334 

reproductive incompatibility. The third scenario we found in this work is represented by 335 

Lophosiphonia obscura whose eastern and western Atlantic populations have low 336 

genetic distances (0.1-0.2 %) in the rbcL gene, and also in the more variable cox1 337 

marker (0.6-1.2 %, HQ412544-5 as P. hemisphaerica and P. boldii, MF094025). 338 

Despite this, crossing experiments demonstrate that isolates from Texas and from 339 

Norway fail to produce fully fertile progeny (Rueness 1973, as P. hemisphaerica and P. 340 

boldii). This suggests that these two populations are reproductively isolated, and that 341 

divergent selection may be acting on these populations but rbcL and cox1 gene 342 

sequences do not reflect this isolation (Nosil et al. 2009). These three scenarios show 343 

different evolutionary patterns even among closely related species (e.g. P. villum vs. P. 344 

devoniensis). Therefore, application of genetic distances in delineating species 345 

boundaries should be evaluated on a case by case basis. While these are very interesting 346 

issues from a taxonomic perspective, they are not the focus of this paper. From a 347 

phylogeographic point of view, whether these closely related monophyletic lineages are 348 

different species or not is of minor importance, because either way they share a 349 

common ancestor from which several genetic entities evolved. 350 

 351 
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Phylogeographic patterns 352 

The paradox between expected dispersal limitation (Santelices 1990, Kilan and Gaines 353 

2003) and wide reported species distributions led us to hypothesize that such widely 354 

distributed species would either have strong phylogeographic structure or were spread 355 

by humans. Our results confirmed these hypotheses and exposed a third scenario, where 356 

the morphologically defined species was in fact a complex of non-sister cryptic species. 357 

Three of the species exhibit genetic variability with clear phylogeographic structure 358 

in Australia, and the North and South Atlantic (Ophidocladus simpliciusculus, 359 

Lophosiphonia obscura and Polysiphonia villum). This result is not unexpected 360 

considering that genetic divergence is promoted by the isolation among populations 361 

separated by large geographic distances (Palumbi 1994). However, the observed genetic 362 

divergence is relatively low (≤ 0.9%) considering that Australia and the North and 363 

South Atlantic have been separated since about 80 My (Jordan et al. 2016). Therefore, 364 

rather than this genetic divergence resulting from an 80 My old vicariant evolution, 365 

long-distance dispersal processes acting on a common ancestor and subsequent 366 

divergence into differentiated populations are invoked to explain the observed patterns. 367 

Mechanisms responsible for this long-distance dispersal are obscure considering that 368 

these species either occur in coastal lagoons/estuaries or on sand-covered rocks where 369 

buoyant macroalgae that can act as rafts are rare (Airoldi 1998, Díaz-Tapia et al. 370 

2013a). Molecular data have provided evidence for long-distance dispersal in other red 371 

algal species but mechanisms remain unknown (Zuccarello et al. 2002a, Fraser et al. 372 

2013). The genetic separation among geographically distant lineages may indicate that 373 

long-distance dispersal occurs at a low rate. Alternatively, density-dependent processes 374 

are involved and once a population colonizes a new region it prevents the establishment 375 

of latecomers (Waters et al. 2013). Furthermore, available data for the three species 376 
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mentioned above indicate different evolutionary histories and/or dispersal paths. For 377 

instance, in L. obscura and P. villum the largest sequence divergences are between 378 

Australian and Atlantic populations, whereas in O. simpliciusculus the Australian 379 

haplotype is relatively close to South African and European haplotypes but the 380 

divergence across the Atlantic (Brazil vs. Europe) is much larger.  381 

Several species showed a diversity of haplotypes sharing the same region: the 382 

Pacific Symphyocladia spinifera and S. dendroidea, as well as the Atlantic Polysiphonia 383 

devoniensis. The origin of this diversity must be related to processes of isolation that led 384 

to genetic differentiation, followed by local dispersal events. As  for Ophidocladus 385 

simpliciusculus, Lophosiphonia obscura and Polysiphonia villum, dispersal mechanisms 386 

for S. spinifera and P. devoniensis are unknown. In contrast, S. dendroidea has been 387 

reported growing on stranded holdfasts of the floating alga Durvillaea antarctica 388 

(Macaya et al. 2016, López et al. 2017, 2018), which could contribute to dispersal after 389 

genetic differentiation influenced its genetic structure. 390 

The disjunct distribution of a second group of species (Polysiphonia devoniensis 391 

and Symphyocladia dendroidea) can be explained by human-mediated introduction 392 

events. The human transport of species from native (donor) to introduction (recipient) 393 

regions causes the rapid expansion of species’ distribution and alters natural 394 

phylogeographic patterns (Straub et al. 2016). The discovery of P. devoniensis in 395 

Victoria (Australia), exhibiting a single haplotype that is also present in Europe, 396 

suggests that this species has been introduced into this country from Europe, possibly 397 

Atlantic Spain or the NW Mediterranean. Symphyocladia dendroidea was recorded as 398 

an introduced species in the French Mediterranean in 2005 (Boudouresque and 399 

Verlaque 2008, as P. tanakae) and our recent discovery of the same haplotype in a 400 

marina in Atlantic Spain probably represents a secondary introduction and suggests that 401 
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the species is spreading in Europe via hull fouling. The presence of several genetically 402 

separated lineages of S. dendroidea in Pacific South America contrasts with the 403 

occurrence of a single haplotype in Japan, Australia and California. Japan and Australia 404 

have the same haplotype, suggesting that one or both populations could be introduced. 405 

Genetic diversity of seaweeds in the introduced regions is either similar or reduced 406 

relative to the native area (McIvor et al. 2001, Provan et al. 2008, Voisin et al. 2005, 407 

Geoffroy et al. 2016). The finding of diverse haplotypes in the introduced region is 408 

indicative of an introduction involving several haplotypes or multiple introductions, 409 

depending on the phylogeographic structure in the native area (McIvor et al. 2001, 410 

Voisin et al. 2005, Geoffroy et al. 2016). A single haplotype of both S. dendroidea and 411 

P. devoniensis has been detected in the areas where the introduction of these species is 412 

certain, suggesting that their introduction is the result of a single event in which a single 413 

haplotype was involved. However, much more complex scenarios could explain the 414 

observed patterns and a better understanding of the phylogeographic patterns in native 415 

and introduced areas would be needed to elucidate the introduction dynamics. 416 

The third group of species analyzed here involved species complexes of non-sister 417 

cryptic species (Xiphosiphonia pennata  including X. pinnulata and Symphyocladia 418 

spinifera; S. dendroidea; and Herposiphonia tenella). In both cases species found in the 419 

Atlantic and Pacific basins differ, but in addition several species were found with 420 

overlapping distributions in some regions of each basin. Therefore, the distribution of 421 

these widely reported species is much narrower than previously thought. Cryptic algal 422 

species often involve a group of morphologically similar species that are genetically 423 

differentiated, but resolve as a monophyletic group (Zuccarello et al. 2002a, Won et al. 424 

2009, Payo et al. 2013). However, examples of non-monophyletic cryptic “species” 425 

have also been documented in the red algae (Zuccarello et al. 2018). Morphological 426 
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similarity among non-monophyletic groups of cryptic species can be explained by 427 

evolutionary convergence, morphological stasis or developmental constraints (Leliaert 428 

et al. 2014, Zuccarello et al. 2018). X. pennata, S. spinifera and S. dendroidea are 429 

placed in a tribe (Pterosiphonieae) with high morphological variation ranging from 430 

filiform to foliose species (Díaz-Tapia et al. 2017b). The body plan of both species is 431 

filiform, among the simplest observed in the tribe, and morphological stasis is a 432 

plausible explanation for their similarity. In the tribe Herposiphonieae all species are 433 

very similar in morphology, with limited differences in their body plans (Díaz-Tapia et 434 

al. 2017b) and the cryptic diversity in Herposiphonia tenella might result from 435 

morphological stasis or developmental constraints. 436 

Understanding the processes underlying phylogeographic patterns requires the 437 

study of numerous specimens from across the entire distribution of the species. In this 438 

regard, we recognize important limitations in our work that prevent us from fully 439 

elucidating causes of the observed phylogeographic patterns, leading to some tentative 440 

conclusions about the potentially introduced status of some of the analysed populations. 441 

However, most of the species treated here are rare in all or part of their known 442 

distribution range so improving the datasets would be very difficult. For example, 443 

Lophosiphonia obscura, despite being widely reported, is very rare in the regions here 444 

studied: the sample from the UK used in this study is the first one collected since 1970 445 

(Maggs and Hommersand 1993). In Spain, we found it only once in the Atlantic and 446 

once in the Mediterranean, and the species is here recorded for only the third time in 447 

Australia. Our work should thus be interpreted as one of the first attempts to understand 448 

phylogeographic patterns of widely distributed red algal species. Even though their 449 

evolutionary history is not well known, our analyses provide clear examples of 1) 450 

species with wide distributions and strong phylogeographic structure that reflects the 451 
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geographical distance; 2) species with a broad distribution that can be only explained by 452 

human-mediated transport; and 3) species complexes in which non-monophyletic 453 

cryptic diversity has been found . This study indicates that widely distributed species 454 

are the exception in red algae, except when they have been spread by humans. 455 
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Figure legends  627 

Figure 1 Distribution and UPGMA unrooted distance phylogram based on rbcL 628 

sequences of Ophidocladus simpliciusculus (a, b), Lophosiphonia obscura (as 629 

Polysiphonia hemisphaerica and P. boldii in Norway and Texas, respectively, see 630 

Supplement 1) (c, d) and P. villum (e, f). In figures a, c and e, circles indicate the 631 

regions from which sequences are available and their colors indicate the distribution of 632 

haplotypes. Areas outlined in red are regions where the species is recorded for the first 633 

time. Coastline in black shows the reported distribution (Guiry and Guiry 2018).  In 634 

figure c, black coastlines represent the recorded distribution of Lophosiphonia obscura, 635 

red line P. hemisphaerica and yellow line P. boldii. Scale bars: 5 mm in (a), 8 mm in 636 

(c), 6 mm in (e). 637 

Figure 2 Distribution and UPGMA unrooted distance phylogram based on rbcL 638 

sequences of Polysiphonia devoniensis (as P. kaprauni in North Carolina) (a, b), 639 

Symphyocladia dendroidea (c, d) and S. spinifera/Xiphosiphonia pennata/X. pinnulata 640 

(e, f, g). Symbols are as in Figure 1, and pie divisions in Figures a, c and e indicate 641 

proportions of each haplotype when multiple haplotypes were present. In figure e, 642 

circles with white border correspond to S. spinifera and the ones with black border to X. 643 

pinnulata. Encircled areas marked with red color are regions where the species are here 644 

recorded for the first time. In figure a, black lines represent the recorded distribution of 645 

P. devoniensis and red line the distribution of P. kapraunii. In figure c, black lines 646 

represent the recorded distribution of S. dendroidea, blue lines the regions where it was 647 

recorded as S. tanakae, red line the region where molecular data demonstrated that S. 648 

dendroidea 2 is present, the asterisk indicates the area where both S. dendroidea 2 and 649 

S. tanakae were reported based on molecular data, and plus symbols the regions from 650 

which sequences of S. dendroidea 2 are available. In figure e, black lines represent the 651 
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recorded distribution of X. pennata; yellow lines the regions where molecular data 652 

showed the presence of S. spinifera instead X. pennata, red lines regions where only X. 653 

pinnulata has been recorded based on molecular data and blue line the region where 654 

both X. pinnulata and X. pennata have been recorded based on molecular data. Scale 655 

bars: 6 mm in (a), 7 mm in (c), 4 mm in (e). 656 

Figure 3 Distribution of Herposiphonia tenella. Asterisks indicate the regions from 657 

which sequences are available. Scale bar: 1 mm. 658 

Figure 4 RAxML tree based on rbcL sequences of the genus Herposiphonia. Samples 659 

that morphologically correspond with Herposiphonia tenella are in bold. Bootstrap 660 

values are indicated on the nodes when > 80. BE (Belize), CA (Canada), CI (Canary 661 

Islands), FR (France), IN (India), IT (Italy), KO (Korea), NC (North Carolina), PO 662 

(Portugal), QL (Queensland), SP (Spain), WA (Western Australia), VIC (Victoria). 663 
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Supplement S1. Taxonomic notes. 

 

Lophosiphonia obscura, Polysiphonia hemisphaerica and P. boldii 

The taxonomic history of Lophosiphonia obscura is complex (Silva et al. 1996, Díaz-
Tapia and Bárbara 2013), involving several names that have been proposed in different 
regions. Among these names are Polysiphonia hemisphaerica from Scandinavia 
(Rueness 1971) and P. boldii from USA (Wynne and Edwards 1970). Rueness (1973) 
showed that male and female gametophytes of these two species successfully interbreed, 
producing carpospores from which tetrasporophytes germinate. However, the viability 
of tetraspores obtained from these tetrasporophytes was reduced. Thus, despite their 
high cox1 similarity, P. boldii and P. hemisphaerica failed to produce fully fertile 
progeny and the taxonomic status of these two species remained unresolved (Rueness 
1973, 2010). We obtained rbcL sequences for the three taxa and our phylogenetic 
analysis revealed that they form a clade, are closely related (tree not shown), and 
whether they should be considered a single species is unclear. For simplicity, we are 
including these three currently recognized taxonomic species under the heading 
“Lophosiphonia obscura” but a taxonomic revision is required to clarify their 
taxonomic status. 

 

Polysiphonia villum 

Polysiphonia villum was originally described based on Mexican material (Agardh 1863) 
and its taxonomic status with regard to the Australian P. scopulorum was questioned 
(Cribb 1956). Based on its morphology, Hollenberg (1968) proposed to retain P. villum 
as a variety of P. scopulorum. However, molecular data showed that material attributed 
to these two taxa represents two different, non-monophyletic, molecular entities 
(Huisman et al. 2017). Consequently, here we apply the name P. villum to the molecular 
entity that matches American specimens (Stuercke and Freshwater 2008) and differs 
from Australian specimens (Huisman et al. 2017). Assessment of the correspondence of 
both P. scopulorum and P. villum with their respective type material has not been 
studied. 

 

Polysiphonia devoniensis and P. kapraunii 

Polysiphonia devoniensis was originally described from southern England (Maggs and 
Hommersand 1993) and subsequently recorded at other locations in Atlantic Europe 
(Díaz-Tapia and Bárbara 2013). More recently, P. kapraunii was described from North 
Carolina (Stuercke and Freshwater 2010). Our phylogenetic analysis revealed that these 
two entities form a clade, are closely related (tree not shown), and whether they should 
be considered a single species is unclear. 

 

Symphyocladia dendroidea 



Symphyocladia dendroidea was originally described from Peru and subsequently 
recorded from other locations in Pacific America, Argentina and Namibia (Fig. 2c). 
More recently, S. tanakae was described from Japan (Uwai and Masuda 1999, as 
Pterosiphonia tanakae) and it was recorded as an introduced species in the 
Mediterranean (Verlaque et al. 2015). The synonymy between these two species was 
proposed based on similarity of sequence data from their type localities (Bustamante et 
al. 2016a). 

 

Xiphosiphonia pennata, X. pinnulata and Symphyocladia spinifera 

Xiphosiphonia pennata was widely reported on Atlantic and Pacific coasts (Fig. 2e, as 
Pterosiphonia pennata) and successive publications have unmasked cryptic diversity in 
this taxon, resolving a Pacific and two Atlantic species. Maggs and Hommersand (1993) 
noted that the smaller, less robust European forms of this species should be assigned to 
X. pinnulata (as P. pinnulata). This distinction was later supported by molecular data 
(Díaz-Tapia and Bárbara 2013). Kim et al. (2012) revealed that Korean specimens 
previously regarded as X. pennata represented a distinct molecular species compared to 
European specimens and P. arenosa was described. Recently, the synonymy of P. 
arenosa with Symphyocladia spinifera (as P. spinifera; type locality Peru) was proposed 
(Bustamante et al. 2016b). A taxonomic revision of the tribe Pterosiphonieae 
demonstrated that, despite the high morphological similarity among X. pennata, X. 
pinnulata and S. spinifera, they do not form a clade (Savoie and Saunders 2016). In fact, 
they are placed in two distinct lineages and accordingly, the Pacific entities P. arenosa 
and P. spinifera were transferred to the genus Symphyocladia, while the Atlantic entities 
P. pennata and P. pinnulata were placed in the new genus Xiphosiphonia (Savoie and 
Saunders 2016). 
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