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Running title:Biogeographial history of an IndePacific seaweed

ABSTRACT

Aim Biogeographical processaaderlyingindo-Pacific biodiversitypatternshave been relatively

well studiediin marine shallow water invertebrates and fishes, but have been exploheldsa
extensivelyin.seaweeddespite these organisms often displaying markedly different pattésimg

the marine red algBortieria as a model, we aim to gain understandifithe evolutionaryprocesses
generating seawedsiogeographicabatternsOur results will be evaluated and compared with known

patternsand processes in animals
L ocation Indo-Pacific marineregion

M ethods Species.diversitestimatesvereinferredusing DNAbasedspecies delimitatiomethods
Historical biegeograpbal patternsvere inferred based onsi&-genetime-calibrated phylogeny
distribution data.e802 specimensand probabilistic modelling of geographic range evolufidre
importance'of geographic isolation fepeciationwas further evaluated by population genatialyses

at theintraspecificilevel

Results We delimited92 candidate speciemost withrestricted distributionsuggeshg low
dispersal capacitHighest species diversity was found in thdo-Malay Archipelago (MA) . Our
phylogenyindicates that Portieria originated duringhelate Cretaceou# thearea that is now the
Central IndePacific The biogeographical history Bbrtieria includes repeated dispersal evdnts
peripheal regionsfollowed bylong-term persistence and diversificatiohlineageswithin those

regions and limited dispersal back to the IMA

Main conclusions Our results suggest that the long geological history of the IMA played an important

role in shapingPortieria diversity. High species richnedn the IMA resulted from a combination of
speciatiorat small spatial scales, possibly as a result of increaggmhalhabitat diversityfrom the
Eocene onwards, /and species accumulati@ispersal and/asland integration through tectonic
movementOur results are consistent with the biodiversity feedback model, in which bisitiver
hotspotsfact as both ‘centres of origin’ and ‘centres of accumulagindtorroborategrevious
findings for invertebrateand fishthat therds no singleunifying model explaimg the biological
diversity within the IMA.
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algae biodiversityhotspot Coral Triangle, cryptic species, historical biogeograjpigian Ocean,

marine biogeographyacific OceanRhodophytaspeciation

INTRODUCTION

A wide range‘of'marine organisms (including coastal fishes, sangestebrategroups.and
marine angiosperms) reach thieighestspecies richness in the tropicagion bounddby the
Philippines,“Indonesia and Papua New Guinea, known &at# Triangle ofndo-Malay
Archipelago (IMA) Diversity declines rapidly for most groupghen moving away longitudinally as
well as latitudinally from the IMAConnollyet al., 2003; Hoeksema, 20Q'Nlarine macroalgae
(seaweedsare/among the dominant groups of benthic organisms in nearshore marine environments
but generally.showdifferentdiversity patterng(Kerswell, 2006; Schilst al., 2013; Etti & Schils,
2016) A number ofseaweedjroups includingbrown seaweeds arsibhonousgreen algae, however,
display a similarpattern of peak diversity in the INierswell, 2006; Vieiraet al., 2017)

The high"species richness in the IMA hagfriguedevolutionary biologists fodecades, anskveral
competing but no®xclusivehypothesefiave been proposed to explain the originthisfmarine
biodiversity hotspatincluding the centre of origin, the centre of accumulation, and the region of
overlap hypetheseJhe relative importance of these models, howeesnains a matter of
controversyBarber, 2009; Bellwood & Meyer, 2009; Jablonetkal., 2013)

The centreof origin hypothesis suggedtsat the high diversityis due toelevated speciation rates
within thelMA as aconsequencef geological complexity, habitat heterogeneity and intense
competitionwithin the regionin this model, &persal of species to peripheral regibasresuled ina
patternof declining diversitywith distance away from the cen{friggs, 2000; Moraet al., 2003)
There is evidence that tectonic events such as the collision of the AuSEali&uinea plate with SE

Eurasia resulted in increased diversification in the Glitiocene(Williams & Duda, 2008)

The centreaf.accumulation hypothesgiggests that the high number of species in the Coral
Triangleis aresultof speciation in peripheral locatiogngith subsequent dispersahd accumulation
of speciesntheldMA (Jokiel & Martinelli, 1992) In this model, the biodiversity hotspot is explained
by lower extinetion rates in the IMA, mediated byeatdensive and heterogeneous tropical shallow
water enviranments with large reef aréBarber & Bellwood, 2005; Bellwood & Meyer, 2009)
Accumuation of species may also have resulted from integration of distinct biotas byidecton
movemenbver the past 50 million years (Rosen & Smith, 1988; Hall, 2002; Reateastha2008)
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Theregion ofoverlap hypothesis suggests that the high species diversity rfesoitsverlap of
species rangeadue tovicariance events and subsequent range expaasioss théMA (Barberet al .,
2000; Bellwood & Wainwright, 2Q®).

Phylogeneticand population genetitata of marine invertebratand fish have provideevidence
in supportof allthreehypothesescentre of origine.g., Carpenter & Springer, 2005; Barbkeal .,
2006; Tornabenetal., 2015; Ukuwelat al., 2016) centre of accumulation (e.g., Drew & Barber,
2009; Eblest al;#2011; Hodgest al., 2012) andregion of overlage.g., Gaitheet al., 2011; Hubertt
al., 2012) This‘indicateshat several processhisely contributed to the IMA biodiversity hotspot for
different taxa[Bowenet al., 2013; Hodge & Bellwood, 2016; Ukuwedhal., 2016; Matias & Riginos,
2018)

The fossil.recerdndicatesthat thelMA has not always beencentreof marine biodiversity
During the past 50 million yeamnarinebiodiversity hotspots have shifted frahe West Tethys in
the area thatissnow the Mediterran&aaand the Red Sea, the northernindian Ocean, and finally
thelMA todaysmirroring the regions that had large areas of shallow water and suitable climatic
conditions at'various stages in earth his{@gnemaet al., 2008) Concurrently, historical
biogeographicalanalyses of coral reef fishes suggest thianploetance of th€entral IndePacific
has changeffom an area of speciescumulatiorin the Padeo/Eoceneto a centre of origination

sincethe Mioceng/Cowman & Bellwood, 2013a; Cowman, 2014)

Historicalkhogeographicastudiesnvestigatingpatterns of species origin and dispersal in the
tropical IndePacific have largelyocused on marinanimals andrelatively few studie$mainly on
fish) haveanalysedspeciegich groupsacrosdarge geographical scal@Barber & Bellwood, 2005;
Gaitheret al; 2011; Ukuwelaet al., 2016) Despite leing a diverse and major component of tropical
coastal ecosystems, seaweeds have not received mutdfoaitehistorical biogeographical studies
the IndePacific and in addition biogeographical patterns have been largely obscured by rampant
cryptic diversity(Vieira et al., 2017) Compared to marinfish andinvertebratesvith planktonic
larvae most seaweedmepoor disperserbecause their spores and zygotes are typically-fitied
and negatively bugyant (Kinlan & Gaines, 20083 a resultmanyseaweed species have restricted
geographigangesandmolecular data indicate theg¢veral allegdg widely distributed species in fact
represent cryptic species witlarrowdistributions(e.g., Zuccarello & West, 2003; Saunders, 2005;
Gabrielet al., 2017)

We chaséhe red seawed@ortieria Zanardini(family Rhizophyllidaceaeorder Gigartinaleso
studypatterns of species origitionand dispersal in the tropical IndRacific becausél) it is a
common alga in nearshore marine environments of the tropicaFadific regionGuiry & Guiry,
2018) (2) the genus is speciekh (Payoet al., 2013) (3) its vegetative and reproductive
development have been well stud{®ayoet al., 2011) and(4) it is easily recognizable in the field by
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its typical branching pattern, facilitatindentification anccollection.Portieriais commonly founan
coral reefs and rocky shores where it grawthe intertidal, andubtidaly to 40 mdeep Because
Portieria species grow attacheuohd lackobviousvegetativepropagulesits limited dispersal capacity
is expected to be representative for red algheut five species oPortieria have traditionally been
recognized;based,on morphological criteria (Wiseman, 1973; Masaldal1995; De Clerclet al.,
2005; Andersomt.al., 2016) Oneof these Portieria hornemannii (Lyngbye) P.C.Silvais thought to
have abroad distributiorfrom the northern Red Sea to French PolynéSiary & Guiry, 2018)

which contradicts.with the idea of poor dispersal capagityiodiversity study irthe Philippine
archipelagddased on DNA sequence data, howeskowed tha1 cryptic speciesall with very
narrow distribution ranges, were contained witthi@P. hornemannii morphespeciecomplex (Payo
et al., 2013) Thisdiscoveryindicatesthat the global species diversity in the genuysrdabablymuch
higherand makes the genus a good candidate to study global patterns of diversity and thesprocess

underlying them

Because an accurate knowledge of species boundaries and distributions is important for
evolutionary_inference, the firaim of our studywasto assesspecies diversitgnd geographical
distributionsof Portieriain the IndePacificbased on DNA sequendata Building upon tkese
results our main_goal was tmvestigatepatterns of species origin and dispersal by modelling
geographicirange/evolution usingirae-calibratedphylogenetidramework The importance of
geographie.medes of speciation in the diversificatioRavfieria was further evaluated by analysis of
population genetistructurewithin well sampled species. Our reswitsreevaluated in light of current
hypotheses explaimg the orgins of the IMA marine biodiversity hotspot awere comparetb

studies on fish and invertebrates to explalig)similaritieswith processefoundin marine animals

MATERIALSAND METHODS
Sampling and,labor atory protocols

We sampled02 specimen®f Portieria from 260 localitiesencompassingost of the
geographical'rangef the genugFig. SL in Appendix S1 in Supporting Informatiprmhelist of

specimens with collection dasadvoucher informations provided inTable Slin Appendix S1.

DNA extraction, PCR amplification andequencingrotocols are detailed in Table BRAppendix
S2 For species delimitatiomve targeted the mitochondriedx2-3 spacel(363 bp), whichwas
sequenced faall'802 specimenskor constructinga species phylogeny, thex2-3 spacer was
complemented witfive additionalmarkers the mitochondrial encodembx1 gene(642 bp), the
plastid encode@sbA gene (939 bp),bcL gene(1027 bp)andrbcL-rbcSspacer(537 bp), and the
nuclear encoded elongation fac®(EF2) gene (in two parts: 474 bp and 609 Hylogenetic data
are available in the Mendeley data repository (http://dx.doi.org/10.17632/df7gjddfy
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190
191 DNA-based species delimitation and geographical distributions

192  We appliedhreeapproaches to species delimitatlmased orthe cox2-3 spacer datasestatistical

193  parsimony(Templetoret al., 1992) single and multiple threshold Generalized Mixed Yule Coalescent
194  approach (GMYQ(Ponset al., 2006; Monaghast al., 2009) anda Poisson Tree Processes (PTP)

195  model approacfZhanget al., 2013) Detailsof the species delimitation analyses are provided in

196  Appendix S3.

197 Speciedistributions based on locations of the 802 sequenced spesjmereplotted withthe

198  ‘maps packagemR (cran.rproject.org/web/packages/mapgseographic patterns of species richness
199  werebased'orthenumbes of species recorded &R marine biogeographét provinceg(see below)

200 Latitudinal anddongitudinal rangezes of each speciesere calculated as describedBaselgeet al.

201  (2012)

202
203  Multi-locustime=calibr ated species phylogeny

204 A speciephylogenywas based oanalignment ofthedelimitedPortieria species (each represented
205 by a single specimem@ndsix markersicox2-3 spaceycoxl, psbA, rbcL, rbcL-rbeS spacerandEF2,

206  with the different markers coming from the same specid®&A sequences were aligned for each
207  markerseparately using MSCLE (Edgar, 2004With amino acid translations taken into account for
208  protein coding'regions. Thex alignments were then concatenated gsingle alignmenof 3,782

209  positionswhichwas 71% filled at the specigdocus level Information on seque® alignments is
210 given in Table Sin Appendix S2

211 PARTITIONEINDER (Lanfearet al., 2012)was used tadentify a suitable partitioningcheme and
212 accompanying substitution models accogdio the Bayesian information criteri¢BIC) based on a
213 set of eight priori defined partitioning schemes. Three partitioning schemes (3, 5 and 8 data

214  partitions) were selected for the phylogenetic analyBakle $ in AppendixS4).

215 Theage ofitheoot of thePortieria clade was estimated based on the red algatc¢atibrated

216  phylogeny ofYanget al. (2016) We assembled a sevgene dataset of Gigartinales and

217  Peyssonnelialesrand complemented this dataset with geriRhizophyllidaceagincludingnine

218  representatives of the mdhortieria clades. Genes were aligned as described above, tme:

219  calibrated tree'was estimated WBEAST v1.8.2 (Drummonett al., 2012) The root of the tree (split
220 betweerGigartinales and Peyssonneliales) was constrained with a normal prior distr{iootiamn =
221 308 Ma, SD = 2Bbased orYanget al. (2016) Usingthis calibrationthe crown age dPortieria was
222  estimated a99.2 Ma (Fig. S4in AppendixS4), which was usetb obtain dime-frame of

223 diversification for the genuRortieria in theBEAST analysis described below
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A time-calibrated Bayesiaphylogenyof Portieria was constructedith BEAST based on the
concatenated simarkeralignment.The three partitioning schemes were used thigunlinked
GTR+I+G model for each partition. Data wenealysedising a BirthDeath tree prio(Gernhard,
2008) an uncorrelated lognorm@UCLN) relaxed clock model of rate variation among branches
(Drummondet al., 2006)with themean of the branch rates (ucld.mean) constrained with a diffuse
gamma distribution prior (shape 0.001, scale 10@0pther priors were left as default. The root of
the tree being the/.crown node &ortieria, was constrained with a normal prior distributiome@n =
99 Ma, SD =.10)..Fourindependent MCMC analyses of 20 million generations wertormed
sampling every,000 generations, to obtain posterior distributions of parameters excluding a burnin of
10%.Convergence of each analysis was determind@®RATERV.1.6 (Rambautt al., 2014)
examining the. effective sampling size for all parameters. For the analysis usiagitia partitions,
the effective’'sampling siZ&SS)was >200for all parametergexcept for the GTR substitution
parameters of codon positied+2 with ESS 106200), while for the analysesith five and eight data
partitions, convergence was pq&SS < 100jor severabf the GTR substitution parameteMdCMC
analyses were combinedlitoGCOMBINER v1.8.2 and maximum clade credibility trees were
generated wWitlTREEANNOTATOR. FIGTREEV1.4.2(Rambaut2014)was used to visualize the
chronogramAnalyses using the three different partitioning schemes led to similar treedigsoémd

resolution as wellias similar time estimates.

Inference of biogeographical history

The timecalibrated species phylogeny and the geographic ranges of the species were combined to
analyse thdiistorical biogeographgf Portieria. Ancestral rangewere estimated using

BIOGEOBEARS (Matzke, 2013)an R packagenplemening several ancestral range estimation
mocklsin a likelihood frameworkincludingthe DispersalExtinction Cladogenesis Model (DEC)

(Ree & Smith, 2008), a likelihood versiontbe parsimombased Dispeed-Vicariance Analysis
(Ronquist, 1997§DIVALIKE), and a likelihood version of the range evolution model implemented in
the BayArea program antié Bayesian Binary Model (BBM) &ASP(Yu et al., 2015) It also
includesthe possibility tdncorporatethe process ofounderevent speciation (+dp theabove

mentioned models

Two geographicaubdivisionsvere considered. In the realavel analysisthreebroadly defined
realmsmodified fromSpaldinget al. (2007)are consideredxc in Fig. 1 In the provincdevel
analysis, twelvgrovincesmodified fromSpaldinget al. (2007)are congiered A-L in Fig. 1

Geographicatlistributions were based on location datéhe 802 sequenced specireen

For both geographicaubdivisionsthe six different models implementedBroGEOBEARS were
compared for statistical fit using the Akaike Information Criterion (Al3ble SGn AppendixS5).
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259  The maximum number of areas for a single species to oseagset at two and three for tihealm

260  and provincdevel analysis, respectively. The bddgtmodel was then used to refine the analysib
261  constrained areas and dispersal multipliers in which disperslahbility decreased with geographical
262  distancgTableS7in AppendixS5). The resulting ancestreangeprobability for each node was

263  plotted on thaBEAST tree.In the provincdevel analysis, ingeographial event counts, and

264  probabilitiesof,events at each noaeeredetermined usingiogeographial Stochastic Mappin@

265 BIOGEOBEARSunderthe besfit model, DEC+J Details of theBIOGEOBEARS analyses are

266  available.in.the.Mendeley data repository (http://dx.doi.org/10.17632/df7r7ddfyg).

267 Shifts indiversification rate through time and among lineagee testedisingBAMM (Rabosky,

268  2014) using theBEAST tree as input, expected number of shifts = 1, with 100 million generations of
269  Markov Chain"Monte Carlo (MCMC) sapling per run and sampling evolutionary parameters every
270 100,000 generations. lneage-throughtime (LTT) plot, including a 95% confidence interval based
271  on a set of D00 postburnin trees wagenerated usinBHYToOOLS (Revell, 2012)

272
273 Population genetic analysis

274 Within species, we assessed if populations were geographically struasimgchaplotype network
275  analyses andngle-level Analysis of Molecular Variance (AMOVAJor these analyses, we selected
276  19species.for.which 10 or more specimens were available from at least two geographicadly disti
277  locations(> 20 kmyapart), and with a minimum of two specimens per population. For four additional
278  species only haplotype networks were construc¢teglotype networks afox2-3 spacer sequences
279  were built using the TCS meth@@lementet al., 2000)with POPART v.1.7(Leigh & Bryant, 2015)

280 AMOVA and fixation index® calculationsusing 1000 permutationg/ere performedh ARLEQUIN
281  v3.5.2(Excoffier& Lischer, 201Q)Because ofimited sampling in many populations, we did not

282  calculate pairwis@s; values between populatigrend AMOVA results should be considered as

283 indicative

284

285 RESULTS

286  Speciesdiversity and geographic ranges

287  Results of therdifferent DNAased species delimitatiamalysesre summarized in Table S4 afid.
288  S2 inAppendixS3. The differentmethodsyieldedspecies diversitgstimatesanging from81

289  (statistical parsimony) tb39specie{multiple threshold GMYC)Because th&MYC and PTP

290 methods are known tverestimate species numbers in some cases (for example whesaaxmimg
291 is uneven or incomplete), we relied on a conservative consensus approach towards rettoaciling

292  results of the different species delimitation methods to maximize the relialispecies boundaries
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as has been suggestemtherstudiegCarstengt al., 2013; Miralles & Vences, 2013; Zhasal .,
2013) More specifically, we recognized species clades that received high supportor23sspacer
BEAST tree (posterior probabilities > 0.98nhd that were compatible witt leasthree of the four
species delimitatiomethods (statistical parsimony, GMYC single, GMYC multiple and PTI#}.
resulted in thelelimitationof 92 candidatespecies oPortieria. Specieglelimitationswere generally
congruent withthe results oPayoet al. (2013) which only included Philippine dat@ne exceptiotis
the subcladéncludingV1A-V1B-V1C, whichwas split into three species based on analysisudti-
locus datainder.a.multispecies coalescent maddbayoet al. (2013) butis here regarded as a single

unit, underscoringur conservative approatowards species delimitation.

Althougha number obpeciesnames are available the genu®ortieria, we do not apply these
namesat this stagdecause in most cases they could not be releihjiedto any of the 92 candidate
species. Onexception idPortieria tripinnata (Hering) De Clerckrom South Africawhichgrows in
the midintertidal(De Clercket al., 2005; Andersost al., 2016) and most likelycorrespond$o
sp32.

The geographicalistributionsof the 92Portieria speciesare summarized iRig. 1 andrig. S3in
AppendixS3iinsthe realmlevel analyse§3 realms)each species was restricted to a singkdm
with most species’@) occurringin realmb (Central IndePacific Temperate Northern Pacific and
Temperate Australagidn the provincdevel analyses (1@rovince$, most speciesgl) were
restricted ta singleprovince 10 specieoccurred inwo provinces andonly onespecies spanned
threeprovinces(sp.34ccurring inprovincesB, C andD). Most speciethus havenarrow
geographical'ranges, beingstricted tesingle island groupor short coastal streteb Latitudinal and
longitudinal range siz0f the different specieareillustratedin Fig. 2 More than 80% of species (77
of the 92) hadsaslatitudinal and/or longitudinal range smaller than 50aridonly 7 species had a
latitudinal and/orlongitudinal range larger thg@@ km As an exception,s34 which is found
from South ‘Afriea to Oman, as well as in Madagascar and Sri LaaRdatitudinal and longitudinal

range exceedings,000 km

Highestspecies diversity was observed in the Western Coral Triangle (F),imgRM species
(Fig. 1), followed by the Western Indian Oce@), the Southwestern Pacific (e Northwestern
Pacific(l), and the Eastern Coral Triangle (@ach containin@ to 14species Observed species
diversity in the otheprovinceswas much lower (2 species)We found a marginally significant
correlation betweethe number of specimensampledand nunber of speciefoundper provincei(s =

0.632 P=0.027)thus the effect of sampling effort on species richness cannot be ruledrelyt enti

Within provinces, most sister species showedongrlapping ranges (Fig. S3 in Appen@g),
concordant with the results Bayoet al. (2013)
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Biogeogr aphical history

The timecalibrated phylogenyFig. 3) recovered severatell supported cladedP >0.95)
originaing from the Late Cretaceous onwafftsr conveniencetenmain cladesl to X, are indicatejl
The rate of tversificationwithin the genusvasrelatively constanacrosgime, with neither the TT
plot nor theBAMM analysisshowing evidence for rate shifSig. S5in AppendixS4).

Comparisos betweenhistorical biogeograpbal modelsshowed that the incorporation of founder
event speciation (+J) in the models yielded a signifigdogtter fit (TableS6in Appendix S%. In both
the realm and provincdevel analyses, the DEC+J model was favoured based on the AIC, although
thelikelihood differences with the DIVALIKE+J and the BAYAREALIKE+J models were snitle
inferredprovincelevel biogeographial history is shown irFig. 3 the inferredrealmlevel

biogeographial history is shown in Fig. Bin Appendix S5

Mostmainclades were confineh a single or a few adjacergalms or provincedn therealm
level analysisthe ancestralinge wagnferredas a ofab under the DEC+J modéFig. S7Appendix
S5, andrealmb under the DIVALIKE+J and BAYAREALIKE+J modelgata not shownIn the
provincelevel analysis, the ancestrahgeof Portieria wasinferred ad-, Fl, FJ or FIJ, corresponding

to thearea that is now th€entral IndePacific Northern Pacific and Australadi@ig. 3).

Biogeographial stochastic mappinfprovincelevel analysisjndicatedwithin-province speciation
(“narrow,sympatryas the most important event in the history of the group, amttermedhate
number of nodewiere inferred taepresenfounder event speciatiqirig. 4, Fig. S8 in Appendi5).
Vicarianee, subset sympatffsisterspecies being sympatric across part of their rarage) anagenetic
dispersalrange expansioof a specieswereof lesser importancéiowever, anagenetic dispersal,
followed by subset sympatry was inferred aleegerabranches in clade IXncludingspecies from
Temperate Southern Africa, Western Indian Ocean, and Somali/Arabia (ps#&irBendC) (Fig.
S8in Appendix S3.

Our analyseshowhighestdiversification withn the Western Coral Triang(province F) and
repeatedsspeciexport to theNorthwesterrPacific (1), Western Indian Ocean (B), and Southwestern
Pacific (J)(Fig=5)"Dispersal to the Western Indian Ocean, and the NantiSouthwestern Pacific
was followed by diversification within thoggovinces and dispersal from thHgorth-and
Southwestern*Pacific back to tBeral Triangle Conversely, species from the Western Inddaean
did not disperse back to tigentral IndePacific The origin ofPortieria species on remote islands
including Micrenesia (sp.67 and sp.68), Guam (sp.54) and Hawaii (spg@®)l not be inferred with
certainty, either because phylogenetic relationships were uncertain or befawedancestral
geographicgangesvere ambiguoudRortieria .42 from Hawaii may have a Southwestern Pacific

origin.
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Population genetic structure within species

Within 13 of the 19 speciemalysedanalysis of genetic variatioof the cox2-3 spaceiindicated
significant population genetic structurirfgjgnificant geographistructuring of populationaas
observed from small spatial scales5@0 km, e.g. species B21, S39 and V1ABC in the Philippines
and sp. 60sin:Jdapan) to larger spatial scales§801km, e.g. sp. 28, sp. 34 and sp. 36 in the Western
Indian Ocean, spa46 in Indonesaad sp. 78 in AustraljgFig. D in AppendixS6).Non-significant
population genetic.structuring was mainly found in species with small taimeddzed range2%-700
km). However, o significant correlation was found between fixation index (@) and geographai

scale (calculatedras maximum distance between the populations).179 P =0.464 (Table S8 in
AppendixS6).

DISCUSSION

High species diversity and narrow ranges

A first striking.outcome othis studyis thehigh number of unrecognized species in the genus
Portieria. Wesdelimited92 speciedased ortox2-3 spacer sequence data from 802 specimens from
260 localities, encompassing most of the geographical range of the lypestask contrast,rdy five
species oPortieriararecurrentlydescribedone of whichP. hornemannii, is considered to beidely
distributed in the Inddacific(De Clercket al., 2005). A first indication that species diversity in the
genuss far-greatethanassumed based on formally described taaa provided byPayoet al. (2013)
who recognizedbased on muliocus DNA sequence dat2l cryptic speciesf P. hornemannii
within the PhilippinesAlthough ayptic diversity isno exception in the marine environment, and in
seaweeds particular (e.g., Zuccarello & West, 2003; Saunders, 2005; Raallo 2014; Vieiraet
al., 2017) the degree of cryptic diversifpundin Portieria is remarkable

There are two reasons to interpret our gEediversity estimate with some cautidfirstly, despite
our broad geographic sampling, some regions wierteria has been recorded were not sampled in
our study, including the Red Sea, Bay of Bengal, and several remote Islands icifiogiRauding
French and Central Polynesia, the Solomon Islands, Fiji, arddtibernMariana Island¢Guiry &
Guiry, 2018) If the observedarrowdistributions ofPortieria speciesan be extrapolatedampling
theseregiansis likely to furtherincrease species numbers. Seconally analyses wetgased on
maternally inheritedinglelocusdatg which cannot take into accoumtocesses such as incomplete
lineage sorting that cgmossibly confoundpecies delimitatio(Leliaertet al., 2014) However, the
fact that our species delimitati@were highly concordarwith the results of Paye al. (2013) which
were based on three unlinked loci from the nucleus, mitochondrion and chlorimglestises

confidence in ouestimates of species boundaries
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398 Our study shows that with a few excepti®tostieria species have narrow, often very narrow,
399  geographic ranges (Fig. 2) refutitige reportedwide distribution ofP. hornemannii across the entire
400 Indo-Pacific.Instead, all speciemre confined to a single Ocean basin, and s@stiesare restricted
401  to short stretobsof coastlineor single archipelagos. Our results corroborate earlier findings ef fine
402  scale intraarchipelagic endemism within the Philippinesdicating limited dispersagdotentialof

403  Portieria speciegPayoet al., 2013) In contrast, manyropical shallowreef anima have much wider
404  speciesanges within the Ind®acific or even span different ocean basins with high population
405  genetic connectivitye.g., Paulay & Meyer, 2002; Crandetlal., 2008; Pinzoret al., 2013) This

406  pattern, however, is by no meamsversalas manyspecies of marine invertebrates and fishrange
407  restricted inaremote peripheral archipelagosevenin regions ofthe Central IndePacific(Meyeret
408  al., 2005; Malay.& Paulay, 2009; Tornabesiel., 2015) The scalef endemism found in some

409  Portieria speciesnthe IMA, howeverhas never been recordigdanimal taxa.
410
411  Coral Trianglebiodiversity hotspot

412 We detected alearpattern of lghestspeciegiversity in theCoral Triangle(40recorded specigs
413  and lower diversity in peripheral regigrathough species diversity is also considerable in the
414  Western Indian Ocean, Southwestern Pacific, and Northwestern Padifics(®cies in each region)
415  (Fig. 1). Smilar patterrs of maximum species diversitp the Coral Triangldavebeen observed in a
416  broad rangewef tropical marimamimalgroups(Hoeksema, 2007; Tittensetral., 2010)and some

417  macroalgag¢kerswell, 2006; Silberfeldt al., 2013; Vieiraet al., 2017) Although insomegroupsof
418  reef fishes this diversity peak is correlated with a high number of endemic SFeriesbenet al.,
419  2015) for many other animal groups, includingrals and fishe$iigh diversitydoesnot necessarily
420  correlate with small species ranges or high endemicity. Indteatiigh specieschnesdn the IMA is
421  oftena result of strongly skewadngedistributionsthatoverlapin the IMA, thus generating peakin
422  species richneg$lugheset al., 2002)

423 Diversity'in the Western Coral Triangle (31 species) was found to be higher tihaenEastern

424  Coral Triangle (9.species). A similar pattern has been observed for shore fish, and lasibatd

425  to higher habitat;availability and heterogeneity in\thestern Coral Triangl@Carpenter & Springer,
426  2005) The pattern ifPortieria, however, may reflect sampling effort, and additional collections from
427  Papua New Guinea and the Solomon Islands may reveal a gradient rather than a steep decline in
428  diversity.

429

430  Geographic mode of speciation
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Thestronggeographisignalobserved in our specighylogenyandthe significantpopulation
genetic structure foundithin severaPortieria species indicate that geographic modes of speciation
have played an important role in the diversification of the géfhesprevalence of small species
ranges andon-overlappingdistributionsof sister speciem Portieria, indicate that genetic divergence
and speciatioanaccur over very small spat scales (< 100 km)Although geographic speciation on
small spatial.seales has been inferredametropical marindishesand gastropod@eyeret al.,

2005; Worheidest al., 2008; Tornabenet al., 2015) allopatric speciatioin mostmarine animals
occurs inresponse to barriers operating at much larger geographical sgahesng large ocean
regionsor even different ocean basiffsrey, 2010; Claremorat al., 2011; Ahtiet al., 2016; Waldrop
etal., 2016)

In the western Indian Ocearfeav Portieria species have @markablywide distribution(e.g. spp.
34 and 36)Within these widely ranging species, our population genetic anahdieategeographic
structure as wellFig. S9 in AppendixS6). Thus depending on where precisely the species limits are
placed, geographic partitioning is situated within a species or between speciesnmthieatow
dispersal is present all levels.Other western Indian Ocean species are restricted to peripheral
regons in the SW or NW Indian OcedBeveralnagenetic dispersal events followed by subset
sympatry inferred.in our historical biogeographical analysigjgestrepeated segregation of these
peripheral species from largangel parent species, indicative of a pen parapatric speciation.
Although.foeunder.speciation cannot be ruled entirely, apossibk scenario involves repeated
speciation alongwa temperature gradient, in which species expand their rangesrsodthwards,
followed by local adaptation of peripheral populations to lower temperatunearSipeciation
modes have been proposedreef fishes(Hodgeet al., 2012; Tornabenet al., 2015) andhermit
crals (Malay.& Paulay, 2009)

Cases of sympatric sister specig® restricted to the PhilippiagcladeB33, B34 and B3pwith
specieso-oceufringon the same island or even in the same locaityhoughfor other Philippine
Portieria species, nowverlapping ranges, and significant population gersétiecturing hints toward
allopatric'speciation within the archipela@®ayoet al., 2013) it is difficult to untangle sympatric
speciation‘from allopatric divergence on small spatial scales, pofdiblyed bysubsequent
dispersal and colonization eventssecondary sympatr§Anderseret al., 2015) Sympatricor
parapatricspeciation along ecological boundaries in the marine envirortmsrtieen inferred from a
growing body of phylogenetifiogeographial and ecological dat@Bowenet al., 2013; Hodget al .,
2013; Tornabenet al., 2015) Sympatric speciation should not be ruled outHortieria, and will
need to be further studied usipgpulation genetidata,andecological datancluding biotic
interactions €.9.Aplysia grazing)of co-occurringspecies clades to evaluate the role of ecological

partitioning in speciation on small geographic scales.
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Diversification and historical biogeography of an ancient genus

Thephylogenetic analyses indicad¢ate Cretaceous origin dPortieria. Our time estimates, however,
have to benterpretedwith care since they aderived fromthescarcefossil record of red algaend
thusentailsomeuncertainty(Yanget al., 2016) A Cretaceous origin woulidhply thatthe early
diversificationsof-thegenuspre-datedthe physical separation of the InBacific from other
biogeographical regions through the final closure of the Tethys Sel®(W&).Similar distribution
patterns have;been.ebserveddeverahncient groups dhdo-Pacific animad, includinggastropods
with Inde-Pacific cladeshat diversified?0 to 70 MaWilliams & Reid, 2004; Williams, 2007;
Williams & Duda;2008)

Our histarical biogeographical analysiadicates thareathat is now theCentral IndePacificto be
thelikely geographical origin oPortieria, which may thus correspond to the tropical shallow reef
regiors of northern Australia ahar eastern Asia in the Cretaceolibe overwhelmingly tropical
genus manageditnvade warm temperate regions several times independently, including South
Africa, JapansKoerea, and Australia, over a broad time interval in the |@@pBahe and Neogene,
which are periods‘of globally decreasing temperatures (Zachos et al., 20iigrly, phylogenetic
analyses havesindicated that the green seattakoheda and the brown seaweédbophora managed
to get across‘theitropical temperature barrier over similar time péedzruggeret al., 2009; Vieira
etal., 2017)

Despitethentiquity of Portieria, our analyses do notdicate thatelict taxa(which would be
recognizablesas early branchisgeciesn the phylogeny) occur ithe NW Indian Oceamwhich could
indicake past high diversityn thewestern Tethysas has beedemonstratetdased on the fossil record
andmolecular phylogenetic data w&rious marine groupsuch asnangrovesbenthic foraminifera,
gastropodsfishesand coral§fRenemaet al., 2008; Cowman, 2014; Lepriearal., 2016; Obura,
2016) Instead the current diversitpf the NW Indian Ocean likely originated more recently

following dispersal from the East African coast &ghtral IndePacific

Diversificationof Portieria occurred relatively constdptover time similar to what has been
inferred forthe brown algd.obophora, a pantropical genus wittbomparable ag® Portieria (Vieira
et al., 2017)zaltheugh it should be noted that these analyses are prone to sampliRgriviatiet al .,
2012) In contrastjn several marine tropical animal groups increased diversification has beeadnferr
in thelate Cretaceoul_eprieuret al., 2016)or in the Oligo-Miocene possiblyas a consequence of
tectonic changes ithe Central IndePacificresulting in increased geographical complexity of the
region(Wilson & Rosen, 1998; Williams & Duda, 2008)ther studiefiaveshown accelerated
speciation rates in the late Pliocene and Pleistocene, associated with periods of giacadg sea

level when seas became laledked, resulting in prolonged geogragddiisolation andhe creation of
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501 empty nichegCarpenter & Springer, 2005; Crandetlil., 2008; Tornabenet al., 2015; Ukuwelaet
502 al., 2016)

503 Our Portieria phylogeny provides evidence relevant to the mechanisms tidugedcurrent

504  biodiversity patterns, including the IMA diversity hotspbie historical biogeographical analyses
505 indicate that.eurrent geographical patternPatieria species resultelom longterm persistencend
506 diversificationof clades in confined regions, combined with infrequenshatessfulong distance

507 dispersakvents.acress the IndRacific.

508 The estimated ages of the IMA clades range between 15 and 45 Ma;featimehat is consistent
509  with the longterm geological famation of the IMA, and the emergence of the IMA biodiversity
510 hotspot(Hall, 2002; Renemat al., 2008) Our historical biogeographat reconstruction indicates that
511 the high diversity.oPortieria species in the IMAnainly resulted fromextensive diversification

512  within the region,/and to a lessettentfrom accumulatiorof speciesThe high availability of

513  shallowwatershabitats in the IMA likely allowed for lotgrm persistence of species, and, in addition,
514  the complex,geological history of the region provided opportunities for diversificattbough, as
515 mentioned above; thesaldhot result in significant shifts in diversification rat€airresults are thus
516  consistent withsbeth the centre of origin and centre of accumulation models, actingraytgrhporal
517  scalesSimilarly;“lang evolutioney histories within the Central IndBacifichavebeen inferred for

518 fishes and invertebratéBellwoodet al., 2004; Barber & Bellwood, 2005; Alfa al., 2007;

519  Williams; 2007; Williams & Duda, 2008Dur data indicatedistinctive southern @pbua New Guinea
520 and Australia) and northern (Indonesia, Philippines) elements to the divdBaxtieriain the IMA,
521  which are'netalways evolutionarily closely related. Possibly, thesinern and southern biotagre
522  integratedoy movement of tectoaiplate elements, in particular from Australia and the Philippines,
523  over the last 50:million years, as has also seggested for fish and invertebrate gro(lResen &

524  Smith, 1988; Santini & Winterbottom, 2002; Carpenter & Springer, 2005; Reseieaha2008) A

525  phylogeneticiseparation of these northern and souRwtreria clades in the IMA, corresponding to
526  Wallace's line, can be explained by the low dispersal resulting in a geologicelt outweighing

527  dispersakl

528 Apartfrom the IMA, three other regions harbolativelyhigh diversity ofPortieria species: the

529  Western Indian Ocean, the Northwestern Pacific, and the Southwestern Pacific.

530 The diversitysofPortieria species in the Western Indian Ocdiaaly resulted from dew long

531 distance'dispersal everitem the Central Inddacific followed by diversification within the region
532  From there, species dispersed noad souttvard and speciated along a temperature gradient
533  across temperature barriégnghe SomaklArabian regbn, andemperate southern Africa, respectively
534  This supports th&outhwestern and Northwestern Indian Oseengenerators of biodiversity, as has

535  been indicated foseveral marine animal groypecluding brittlestars (Hoareaat al., 2013)and
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gastropodgPostairest al., 2014) Upwelling systems in the Northwestern Indian Ocean have been
shown to create stark biogeogratigelineations in marine species composi{i§nhils & Wilson,

2006; Burtet al., 2011)and are a likely driver of speciation. The relatively few dispersal events from
the Central IndePacificto the Western Indian Ocean, and the apparent lack of dispersal back to the
Central IndePacificindicates a clear separation between thelliwgeographial regions.This

separation between Indian Ocean clades an@énéral IndePacificcladess concordantvith the
Mid-Indian ©cean biogeographical barrier, which is one of the strongest inferred naarieesb

based on.phylogenetic apdesentday biodiversity patterns of coral reef fisi€owman &

Bellwood, 2013b; Hodge & Bellwood, 2016), aimdlo-Pacific coraldKeith et al., 2013)

In contrast to the Western Indian Ocean, the Nagternand Southwestern Pacific have a much
closer connectimwith theCentral IndePacific The relativey high Portieria species diversity in
thosetwo regions can be explained by repeatetth and southwardispersal from th€entral Inde
Pacific,followed byin situ diversification which was more extensive in the Southwestern than in the
Northwestern Pacifidn addition several dispersal events were inferred from the two regions back to
the Central IndePacific. In somecases, these dispersal events were inferred between neighbouring
regions with,similar sea surface temperature regimes, for example b¢twawmrthern Philippines
and southern _Taiwan. Our results epasistentvith the biodiversity feedback model, in which
biodiversity hotspots act as both cenwéspeciation(exporters of specigsand centres of

accumulatioriimperters of speci@¢gBowenet al., 2013)

The aigin of Portieria in tropical North Pacifigslands such asdawaii, Guam andVlicronesia
resulted from"multipléounder speciatiopvents but in most cases the source regions could not be
deducedvith certainty.The sampled islands in this region, however, are geologically relatively young
and past pakogeographic patterns of small islands are not available. So, what might apgear to b
result of longdistance dispersal, could be a result of incremental-gligietnce dispersal where
intermediateraredsave vanished throughout the cours@attieria evolution.Althoughspecies in
Hawaii and/Guam showed a high haplotype diversity with a certain degree of populatitn gene
structuringjn'siturdiversification wagdimited on theseislands nor wasthere anydispersal from
Pacific slands backo theCentral IndePacific This contrasts witktudies on reef figswhere the
Hawaiian Archipelagdas been shown to both produce and export new sgédikeset al., 2011;
Bowenet al [2013)

In conclusion, ouanalysesontribute tca better understanding tife processethatproduced
biodiversity patterns in thieopical IndePacific and its fringesAlthough several groupsf tropical
marine organismexhibit congruent patterns of biodiversity, with a prominent hotspot in the IMA,
there isno single explanation for this pattern. Given the age and complex geological bfstoey
IMA, along with the vast diversity ofganisms with different traits (e.g. dispersal capaciyltiple
processes haviely been at worl{Barber, 2009; Halas & Winterbottom, 2009). Our phylogenetic
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572 analysis ofPortieriain the IndePacific rdlectsthe long and complex evolutionary history of this

573  seaweedenusand suggests that the observed biogeographical patterns are a combinatiofieyhiong
574  persistence of ancient lineages within confined geographical regions, includingAhariy

575  occasionalong-distancalispersal events

576 The IMA biodiversity hotspot has provided a focus for numerous evolutionary and ecological

577  studies, which have supported strategies for conservation €ffagenteet al., 2008) Our study

578  adds to the, groewing.body of evidence that the predayspecies richness within the IMA hotspot

579 resultsfrom‘a‘diverse range of evolutionary historids with manyother group®f marine

580 organismstheslMA serve as both a species pumpdaa cradle of biodiversitgf Portieria species

581 harbouring@ncient lineages that were formed prior to the geological formation ofahéiangle

582  and continue te'produce speciBsological and conservation related research also depends on a clear
583 undestanding of species boundaries, which is often problematic due to the prevalengtiof cry

584  species in marine environmeriBickford et al., 2007) This study shows once more that

585  misconceptions about species boundaries may impact on our understanding of dissrdmdio

586  diversification of tropical seaweeds.
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Figurelegends

Figure 1. Geographicapattern ofPortieria species richnesg&eographical distributions were based
on location data‘of 802 sequenced specimgmsciesnumbersn each of the 12 geographical regions

arecolourcoded, and summiaed in the table below the map

Figure 2. Latitudinal and longitudinal ranges of the P@tieria speciesColours indicate geographic
region of the specieSpecieswith latitudinal and/or longitudinal range larger than 500ddm
labelled Of these, onlgevenspecies had a latitudinal and/or longitudinal range larger t/o@0 m.
Sp.34 has a latitudinal and longitudinal range 8@ km, andbccurs along the east African coast

from South Africa'to Omargs well as in Madagascar and Sri Lanka.

Figure 3. Historical biogeographical reconstruction of the gelPortieria. The tme-calibrated
phylogenywasinferred fromthe concatenated alignmebx2-3 spacercoxl, psbA, rbcL, rbclL-rbcS
spacer, an&R2).using 3 data partitions¢eMaterials and MethodsAsterisks (*) indicate Bayesian
posterior prebabilities 8.95 and/or ML bootstrap values >%(the tree with divergence time
confidence intervalandbranch suppoiis shown in Fig. S5 in Appendiy.ABoxes at the tips indicate
geographicangesf extantPortieria speciesAncestral range®stimated under a DEC+J modee
indicated-on the-nodess pie diagrams, and branch colours indicate ancestrgésvith likelihood >
0.5 (grey branches indicate uncertain ancestmage$. The map shows the J2ovincesused inthe
analysis.Specieswith letter codée.g, B21, S39V1D) were delimited byayoet al. (2013) species
numbergi.epsp:25 92) are delimited in this study.

Figure 4. Frequency distributions of the counts of different kinds of events found in each of the 50
biogeographial stochastic mapping8&Ms) (provincelevel analysispn thePortieria time-
calibrated phylogengFig. 3) under aDEC+J model The xaxis gives the number of evelriseach of

50 BSMs; the yaxis gives the number of BSMs in which a specific number of events was observed.
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Figure 5. Summary of biogeographical events for the hitbzific genu$ortieria. Number of events
(narrow sympatry, founder events and anagenetic dispersal dvases) orthe resultof the
provincelevel historical biogeographical analy¢see Fig. SB For clarity,thefive inferred
anagenetic dispersal evef&_CD->BCD,B ; BD>BD,B; BF>F,BF; AB>AB,A and G3»GJ,J and
thetwo inferredvicariance evest(F3>J,F and BPF,B) are not indicated on the map
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