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Abstract

Themitochendrialgeneticdiversity, distribution and invasive potentalmultiple cryptic
operationaltaxonomic unit©T Us) of the redinvasive seaweefsparagopsis were assessed
by studyingintroduced Mediterranean and Hawaiian populationasivebehaviorof each
Asparagopsis OTU wasinferredfrom phylogeographic reconstructioqgsthistorical
demographic dynamicsgcent range expansion assessmantuture distributional
predictions obtained from demographic models. Genealogical networks resolved

Asparagopsis gametophytes and tetrasporophytes fato A. taxiformis and onéA. armata
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cryptic OTUs. Falkenbergia isolatesf A. taxiformis L3 wererecovered for thérst time in

the western Mediterranean Sea and represent a new introduction for thideareality
statistics supporteplast range expansion fartaxiformis L1 and L2 in Hawaii. On the other
hand,extremegeographic expansion and iaerease in effective population size wérand
only for Artaxiformis L2 in the western Mediterrane&ea Distribution models predicted
shifts of the climatically suitable areas and population expansiogh fsmata L1 andA.
taxiformis L1 and L2. Ouiintegratedstudy confirms a high invasive risk fAr taxiformis L1
and L2 in temperate and tropical ardasspite the differencan predictions among
modelling approadads a number of regionsereidentified as zonewith high invasion risk
for A. taxiformisL2. Since range shifts are likely climadeiven phenomena, future invasive

behavior cannotibe excluded for tiest ofthelineages.

Keywords: Asparagopsis, Cryptic, Distribution Models, Invasion Riskawaiian
Archipelago, Mediterraneda®ea Phylogeography.

List of abbreviations
BSP:Bayesiarskyline plots

cox: cytochrome oxidase subunit
GBIF: Global Bodiversity Information Facility
OTU: operational taxonomical unit
IGS: inteigenicspacer

L: lineage

MGC: University of Malaga herbarium
ML: maximum likelihood

MP: maximum.parsimony

MY: millionyears

SDM: speciesdistribution modelling

Introduction
Human mediatedhtroductionsof marine biotaepresenmajor driversof
modificationof native diversity, ecosystem functioning and associated goodsearides

(Vitouseket al.1997). Among the thousands of exaotiarine speciesansported daily via
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96 ballast wateraquaculture, aquarium trade and fouling on ship hRllszet al.2000,Hewitt
97 etal.2007), gaweeds represeatsignificant component, correspondiogip to 40% of the
98 invasive speciefound today in the world’s ocea(Schaffelkeet al.2006). Mary so-called
99  cosmopolitarseawees introduced worldwidencompasgenetically distinct lineagesften
100 characterizedby subtfghenotyjc differenceqgProvan et al. 2005, Zanolla et al. 2014),
101  distinctecephysiological profilegZanolla et & 2015)and variable levels of invasive
102  potential(e.g, the greeralgaCaulerpa; Verlaque et al. 2003, Meusnier et al. 200dh and
103  Chen2004).In these casesattempts to assgspeciesnvasiveness, impact and consequences
104 are ofterarduous oraccurate sinceryptic invasive, introduced or cryptogenic lineages
105  mayco-occur with nonmvasive native lineages of the same species conpligve sare
106  geographical region (Andreakis aBdhaffelke2012).
107 Pseudocryptispeciation iknownin the cosmopolitan red seaweed genus
108  Asparagopsis (Bonnemaisoniales, Rhodophytajparagopsis compriseswo morphospecies,
109 A armata andA. taxiformis. The genus is characterizbd atriphasic, heteromorphic life
110  history consisting oérect gametophytes (n) thadternatewith filamentoudreefloating
111  tetrasporophytes (2inown as the “Falkenbergia” stagesich inturn originate from
112 microscopie carposporophytes (2n) attached to the gametophytegAdathgopsis species
113  are cosidered among the ‘st invasive alien species threatenbiodiversity in Europe”
114  (EEA 2007) and 'among the “100 worst invasieaweedsn the MediterraneaBea”
115  (StreftarisandZenetos 2006). €hetic studies haveonfirmed twocryptic lineagegL1, L2)
116  in the coldtemperateéA. armata and six (L1 to L§in the tropicalA. taxiformis (Andreakiset
117  al. 2004,2016, Dijoux et al.2014).Due to their cryptogenic statubge native range of each
118 lineage remainsiundeterminédijoux et al.2014). HoweverA. taxiformislineages 2 and 3
119  areconsidered introduced and invasive in the Mediterranean Sea and South Africa
120 respectivelyand have been recognized as causes of endemic species @eulireakiset al.
121 2004,Altamirang et al. 2008Boltonet al.2011). On the other hand, taxiformisL4 is a
122  presumed-recent introduction to the Hawaiian Islands and is &umplatrically with L1
123 with unknewnsconsequences for the locadstalcommunity (Sherwood 2008 this
124  manuscriptydr sake of clarity, we refer #. armata L1 andL2 andA. taxiformisL1-L6 as
125  operational taxenomic unit©{TUs). In light of recent findings however, we propose that
126  their taxonomic status requires revis{@mdreakis et al. 2007, 2015, Dijoex al.2014,
127  Zanollaet al.2014, 2015).
128 The combination of molecular phylogeographic inference, ecophysiological studies

129 andSDM represerd a powerful tool for the detection of introducgakciesand the
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identification of their sourc@opulations (Bootlet al. 2007 Zanolla andAndreakis 201pbut
also for predicting speciesd population expansi@nd assessing the impact and invasive
potential of invaders at multiple stageghe invasion proceg®eterson 2003, Boltost al.
2011, Marcelino and Verbruggen 2015). In particular, the combinatigpegies distribution
modelling"'&DM) and molecular phylogeographgpresents high resolution tool for

distinguishing between cryptogenic endemisms and cryptic introductions. Focestan

cases of cryptic species complexes, the occurrence of individuals in locations not predicted

by the models maindicatea novel cryptic OTU, which can represent either raafeenic
specier acryptic introduction that requires further attention for managemdnt a
conservation.

The'power of integrating multiple lines of evidence in invasion biotedgs
primarily onaccurate delineation tfietransported or introduced taxonomic unslid
taxonomic unit delineation msn absolute necessity in SDM becattise species hypothetical
distribution range is predicted on the basis of environmental affinitieebetlwcations
where a species occurs and locations where the same species has never bee(egtorted
2002). Speciesdistribution modellirgyroutinely used to identify suitable ardasinvasive
specien the basis adpeciedevel accurat georeferenced data (species presence or
absence)The erroneous inclusion of multiple genetically and geographically distyyticr
lineages in thesmodel assingle biological specids expectedo lead to erroneous resufts
the modelitself as well as a posterioriactions such as decisiomking for management
planning and conservatioRissler et al2006,Rosaueet al. 2015.

We argue thamultiple lines of evidenca.¢., haplotype analysis, historical
demography and SDMjrenecessary to assess lineapecific invasive riskpredictther
future distributionandestablishsustainable management and conservation pkersérand
Drielsma 2010). Our study focusestaro areas of high maritime traffithe Hawaiian
Islands and.Mediterranean Sed)erecombinations oAsparagopsis OTUs ceoccur.
Following eryptic O'U identification viamitochondriaDNA sequencingwe employedwo
different appreaches to examipast and future expansipatterndor each of the lineages
detected_insthis stud¥irstly, historicaldemograplt processewere analyed through
phylogeographic reconstructions, Bayesian Skyline Plots and neuteali$ynferred from
globally collected molecular data (Andreakisal.2007, Sherwood 2008). Secondly, future
distributionpatternsof invasiveA. taxiformis andA. armata OTUswere evaluately means
of SDM applied under present and future climate projectidnsresults are further

discussedh light of field observationsecophysiological profiles oAsparagopsis lineages
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(Zanolla et al. 2015}heir life history traitsand dispersal vectolsetween locations where

Asparagopsis OTUsare considerethvasive.

Material and methods
Specimenreollection and identification

A total of115Asparagopsis gametophytes and %6étrasporophytes werelectedin
the Mediterranean Sea and the Hawaiian Isldndsnorkding (0 to 2 m depth
Morphological identificatiorwas possible onlfor A. armata gametophytegjue to the
presence of typical harpodike lateral braches(Harvey 1849)All gametophytes and
tetrasporophyteweregeneticallyanalyzedor species andiitochondrialineage
identification Mouchers wereeposited in th&1GC (see Table&1in the Supporting

Informationfor Specimen details and sequence accession numbers

Molecular analysis, phylogenetic and geneal ogical network reconstruction

DNA extractionand sequencing of the mitochondra@ix2-3 IGSwereperformedas
described previouslyZccarelloet al.1999). Newly producesequences wempared
with data mined from NCBI to create seven sequence alignments: oneAgpdralgopsis
alignment, five alignments corresponding to each ofgparagopsis OTUs sampledand
one globalA. taxiformis alignment. For species a@ilU delineation, exploratoriylP
phylogenies wereomputed ilPAUP* for Windows version v4.03wofford 2002).Model
corrected Posadand Crandall 1998yIL phylogeniesverealsoinferred in PAUP*,
Bootstrap supportHelsensteiri985)was calculatedsing 1000 replicatesvith the same
model parametenssed in the tremferencesbut with identical sequences represented only
once.Finally, genealogical netwodwerecomputed using the Median Joining algorithm in
Network v4.5.1.6 (hp://www.fluxustechnology.com; Bandedt al.1999 see Appendix S1

in the Supporting Informatiofor more details).

Genetic differentiation and past demographic history

Genetic differentiation within and betweAgparagopsis OTUswas calculated a5 in the
DnaSP softwaré ibrado andRozas2009 usingTamuraNei distancesPast demographic
fluctuationsfor eachAsparagopsis OTU wereexaminedas follows: frstly, assuming
neutralityof the marker used, deviatiofrem migration-drift equilibriumwere assessed
DnaSPusing Fu'sFs (Fu1997)and the R statistics(RamosOnsins andRozas2002).
Secondly, mismatch distributions €., the frequency distribution of the pairwise differences
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between haplotypes) were evaluatedetect recent population expansion, indicated as
unimodal distributioa under a demographic expansion maatel 1,000 bootstrawr as
bimodal distributiongs an outcomef expansion if admixtureccurredbetween two
divergent cryptogeniineagegRogersand Harpending, 1992Bayesian skyline plots
(BSP9 werecomputed irBEAST v17.5 for past population dynamics estimat@summond
et al. 2005Drummond andRambau2007). Atime scale to theopulation size estimatess
assigned by fixing thper lineagesvolutionaryratesat 0.28% per MY (Andreakist al.
2007). Cedibility intervals for theBSPswere visualizedn Tracer v1.4

(http://beast;bie.ed.ac.uk/TraceeeAppendix Sifor details and rational of analy3es

Distribution'modelling

An inductive approactvas usedo infer macroecologicalffinities for each OTU
from theirknown distribution rangd-or A. taxiformis, we only used sequences assigned to a
specific lineage (e.gthose listed iMable S). Species distribution models were run under
the hypothesis that environmenthlaracteristics dinown occurrenceare usefuto identify
suitable newssettlemehabitatgMufioz andReal2006) and predict colonization roufes
each OTUPredictorvariables were obtained from AquaMdpaschneset al.2010)at half
degree spatial resoluti@andwerechosen on the basis of potential predictive power and
availability forfuture climate change scenaridée usedneanprimary productivity, mean
annual sea surface temperature, sea bottom temperature, mean surface salinity and bottom
salinity, which wereassumed to be at leasirrelated with more proximal causal factors.

Distribution nodellingwas performeavith R 2.15.2 R Core Tean2005) using th&®
scriptsuppliedin AppendixS2in the Supporting Informatiozor eachOTU, preliminary
modelling analyse examind the correlations between variables within occurrence areas, as
well as their response curves and contributions to the mdaeés/oid problemselatedto
collinearity between variablesshenevetwo variables were highly correlated within a model
(> 0.8), themonewwith the lowest contribution was excluded and the model was re-run.
Variables weresmapped with thaster packaggHijmanset al.2013) in R and overlaid on
the occurrence records for which geographical coordinates were availablalige&). For
A. armata, 1132,geaeferenced records fro@BIF (http://www.gbif.org were addedo our
occurrence databage, enable more robust modélg increasing the amount of information
on the environmental conditions under which the species camlivie GBIF data still
suffer from survey bias like any biodiversity datagzrposa et aR013) adding theselata

strengthened our dataset and diminished the regional bias in our samplddheatadelled
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areaincluded coastal worldwide marine waters (witthe same distances to land as the

observed presence®)istribution models were buiWith thedismo R packag€Hijmanset al.

2012) using three modelling algorithms: Bioclim, Domain and Maxent. Bioclim and iDoma

use presence data; for Maxenhich alsorequires pseudabsences]0,000 points were
randomly-generated within the study area, following published recommendations
(BarbetMassinet al.2012).

Models were projected to predict the potential worldvddribution of eactOTU
under thepresent climate scenariBotential ranges are linear features along coastbimese
theseseaweeds, typically inhabit a relatively narrow band along the shore within aljaartic
depth or tidal rangeMaxent models weralsoextrapolaed to predicsuitable areaander the
environmental values forecastiedt the year 2050Kaschner et aR010) Bioclim and
Domain were not extrapolated, as tlaeg known to perform poorly undelimate change

scenariogHijmansandGraham2006).

Results
| dentificationef-Asparagopsi©TUs and phylogenetic inference

All specimens were successfully sequensss Tables1 for specimen collection
informatien and accession numbefdaximum parsimony (MPphylogenies showed
variable levels*of phylogenetic signal in each alignni€able ) and enabled the
identification of seve\. armata and 50A. taxiformis tetrasporophyteséeTable S2in the
Supporting Information). Five reciprocally monophylekgparagopsis OTUs were
recoveredgeeTable S2 andrig. S1 in the Supporting Informatidor specimerassignment
to OTUS. Most western Mediterranean isolatedonged tdA. taxiformis L2, 10 toA. armata
L1 andfive to A. taxiformis L3, which representsfast recordfrom the western
MediterraneanAlboran Sea In the Hawaiian Islandsnost isolate®elonged tdA.
taxiformis,L2,followed byL1 andL4. An updated distribution map dfediterranean and

HawaiianAsparagopsis is shown inFigure 1.

Geneal ogical networks

Genealogical network reconstructicevealechighly frequentAsparagopsis
haplotypes and multiple singletomseachof theOTUs analyzed Low frequency haplotypes
found at the same sampling locatiware also recordedFig. 2, a-e).Eighteen haplotypes
were recoverewithin A. armata L1 (Fig. 2a) with the most frequent onepresentingight

specimengollected from thé\lboran Sea, South Africa and Australialess frequent
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haplotype was founcepresentindour specimengollectedfrom the Strait of Gibraltar.
Eighteen haplotypes were recovevathin A. taxiformis L1 with the most frequent haplotype
including 10specimens collectedom the Hawaiian Islands, Panama damreénchPolynesia
(Fig. 2b).Multiple haplotypesverefound on Oahwghores (HawajiUSA) differing in all
casedy onersubstitution. iheage?2 of A. taxiformis was composed of 45 distinct haplotypes
(Fig. 2c). The most frequent haplotype inclu®@dspecimenfom the Hawaiian Islands,
South Africa, Greece, the Chafarinas Islaffsain)and the majority of the Andalusian
specimensNine specimeng/ere found in the next most frequent haplotygiecollected

from the Hawaiian Islands. All specimemerh Almeria (Spain)shared the santeaplotypeof
L3 previously found in Tenerife and Lebanon (Fig. 2d). Specimens from South Africa and
Brazil differed’bytwo substitutionstepsfrom the most commoh3 haplotype Finally, A.

taxiformis L4 containeda frequent haplotype shared by specimenand fouressfrequent
haplotypegFig. 26.

Lineage genetic differentiation and past demographic history

Variable evels of genetic divergence am@igUs and low levels of intraiade
genetic variatiomvereobservedreflecting distinct genealogical chronicles for e@HJ
(Fig. 3, aandb; Table S3n the Supporting InformatignThe results are herein inferred from
the sequencessampling size available for éeplaragopsis lineage. We acknowledge,
however, that the elevated numberofaxiformis L2 sequences mayaveaffectedthe
calculations for that lineagPairwiseFg comparisons confirmed high genetic differentiation
amongAsparagopsis OTUs (p<0.005Fig. 3c). Fu'sF¢neutrality testshowed significant
departure from expectatipauggesting substantibpulation expansion fak. taxiformis L2
and L4(Table 1) Sudden population expansion was additionally supported for L2 by,the R
statistic while population epansion fol.4 was marginally rejecte@able 1).In A. armata
L1 andA.taxiformis L2, mismatch distributions showed no significant difference feom
populationrexpansioscenariogFig. S2in the Supporting InformationBSPsshowed stable
pastpopulatiensizes forA. armata L1 andA. taxiformis L3 and L4, yetsudden increase in
populationssizes foA. taxiformis L1 andthe full Asparagopsis datasetKigs. 2b,S1).
Asparagopsistaxiformis L2 in particularshowed a decrease in effective population gras
to thelast expansion step (Figc).

Predictive occurrence models - Asparagopsis armatal
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Mean surfacealinity was highly correlated with mean bottom salinity where
armata occurs. However, given its low contribution to the models, bottom salinity was
excluded from the calculationdnderpresentlimatic conditionsMaxent predictedhigh
suitability vales forA. armata L1 in theBritish Isles, the Atlantic coast of the Iberian
Peninsulathe’Alboran Sa and northwestern AfricaSouth Africa, South Oceania, and
Centratlwest South America were identified as areastd@rmediate suitabilityHig. 4, a and
b). Bioclim(Fig. S3a in the Supporting Informatjottelivered amorerestricted prediction
compareditdMaxentwhile an intermediate prediction was givenDygmain(Fig. S3). The
predictedsuitable areasf thisOTU on the Atlantic and th®lediterranean coastaried
amongmodek, with Maxent suggesting tiadest distribution onthe European AtlanticKig.
4b; habitasuitability up to 60°N). UsingMaxent northwestern Africavas found suitable
for A. armata L1, suggesting distribution limitof 16°N (Fig.4b). Onthe Mediterranean
coasts Domain projected a wider distributicgspeciallyin its central partKig. Sd), while
Maxent suggestethe Alboran Sea to be highly suitalide A. armata compared tdhe
central parof the basir(Fig. 4b). Maxent and Domain predictions were congruent for this
taxon’sdistribution n South Africa and theoutheasterrcoast of Australia (Fig) 42 S3 a
and b). Furthermordyoth models suggested tbeutheastern coasts of South America as
suitable'areas for thidTU, in particular the casts ofBrazil, Uruguay and Argentina.
Finally, only Demainpredictedntermediatesuitablity for A. armata in the JaparSea and the
north-easterrcoast of the United States of Ameri¢ag. S3). A future distribution ofA.
armata L1 projected for the year 2050 is shown in Figi#en the Supporting Information.
Importantly,a regression of the species’ distribution is expeotethe Atlantic coasts of
Europe, together with shift of suitable areas in the Mediterranésea from Alborancoasts
to the centraMediterranearbasin. Finallychanges at the margins of the lineages’
distribution,are predicted by the modeisother areaf~ig. S4).

Predictive.Occurrence models - Asparagopsis taxiformisneages

Noneofithe variables were highly correlatdtereA. taxiformis L1 occurs and the
modelstherefoereincluded all five predictorsndercurrent climatiacconditions. Numerous
Pacificislands, including the Hawain Archipelago smadl islands in the Atlantic anthe
Indian Oceansuch as Mauritius andéRnion,and some regions of the Black Seere
predicted as potential L1 occurrence ar@ag. 4, ¢ and i Domaindelivered the widest
distribution prediction for L1, covergnthe tropical waters of aticears withthe Pacific
exhibiting the highest suitabilit{Fig. S31). These modelkave not predictedl in latitudes
greater thad5°N. The Mediterranean Sesaowed marginauitability for this lineage as
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indicatedby all models. @mparsons betweenurrentMaxentpredictionsand future
projections in the year 2050 suggested a significant expainssuitable areas for L1
although within the same latitudekcurrent suitability(Fig. S4b.

In the case oA. taxiformis L2, seabottom salinity and temperature were excluded
due to theirshigh correlation withean annual sea surface temperaftine attervariable
contributed the most to the models undamrent climag¢ conditionsMultiple potential
occurrence areasere identified, includingnultiple Mediterranean locationihe Adriatic
Sea Macaronesia, norttwvestern and southeAifrica, Australiaand New ZealandHawaii,
Melanesian.and Polynesian Islandispanand South and Northmerica (Fig 4, eandf).
Maxent and Domain providesimilar predictions Fig. S3 eandf). Bioclim was slightly
moreconservative, predictingnore restricted potential rang@sg. S3¥). L2 was not
predictedto be distributedn cold temperate regions. Under faéure climatic scenargL2
is expectedo lose environmentauitability inthewestern Mediterraneathe northwestern
coast of AfricaAustraliaand Macaronesiérig. S4c). 8mesuitable aregshowever, emain
roughly similar tathe presentand others such as the Caribhehe eastern coast of South
Americaand.SeuthNest Africa,becomemore suitabldor L2 (Fig. S£&). Finally, significant
models could not be obtained fartaxiformis L3 and L4, given the low number and limited

environmental variation dheavailable geaeferenced records.

Discussion

We reportthistorical demographic expansion eventéftaxiformis L1 and L2 andA.

armata L1 whieh are congruent with the present day lineages’ continuous expansion profiles
suggested by SDMProjected distribution range scenariosthe OTUsmeet lineagespecific
ecophysiological and photosynthetic traits estimatedfeaxiformisL1 and L2 andA.

armata ki=(Zanolla et al. 2015) confirming that any physiological adaptation underlying
rapid range expansion can be crucial for a successful invader (Sakai et al. 2004 cdsehi

the combination,of multiple lines of evidence was effectivacecurately testingivasionrisk

useful for the development of surveillance plans against highly invAspaeagopsis OTUSs.

Due to intense maritime traffic, the Mediterranean basin and the Hawaiian archipelago may
represent important sources of invagipulations ofAsparagopsis worldwide andhis is

one reason whwe focused orsparagopsis lineages in these areas. Furthkese regions
haveexperienced increased sea surface temperatures and decreased precipitation since the
last glacial maximum (Giabelluca et al. 2008, Coma et al. 2009, Xie et al. 2010, Hoerling et
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366  al. 2012). Extensive niche shifting phenomena have been observed for many taxa, which have
367 promoted dramatic biotic changes at the community level (Giambelluca et al. 20@8 aKie

368 2010, Jezkova et al. 2011, Hoerling et al. 2012). Among the environmental variables explored
369 in our models, temperature was the only one associated with the geographibaitidistof

370 A taxiformisOTUs. Fluctuations in local temperature can strongly affect growth, survival

371 and reproduction in marine seaweeds, therefore altering the species’ altmalition

372 range (Breeman 1988, Smith et al. 2007). In species with heteromorphic life cycles,

373 temperature changes may differentially disturb each life history stage, with urtpigeic

374  effects on local.ecosystem functioning, depending on the morpho-functional group to which
375 the affected life/istory stage corresponds. In seaweeds with heteromorphic life strategies,
376  temperature plays a pivotal role in species dispersal since each stage may contribute

377  differently to the invasive process. Temperature variation is therefore expected to be critical
378 ininvasiveAsparagopsis OTUs as their tetrasporophytes éxihdistinct thermal ranges; they

379  presumably contribute the most to the species’ long distance dispetesaiad (Zanolla et al.

380 2015). However, distribution models only consider the general efféeinpferaturaeipon a

381  specific speeies; diluting th@ossible differences among distinct life stages.

382  Overall, the,range expansions fartaxiformis L1 and L2 in the Hawaiian Islands and L2 and
383 L3 in the Mediterranean Sea are supported by low genetic diversity and the absence of

384  private haplotypes within rectiy colonized areas. These patterns meet the expectations for
385 sudden population expansion and are consistent with previous findings (Sherwood 2008).
386  The twoAsparagopsis macroscopic life stages (gametophytes, tetrasporophytes) play

387 different roles in the course of the invasion as they occupy distinct functional groups:

388 tetrasporophytes are likely responsible for remote dispansbgametophytes for population

389  maintenanc@nd short distance dispersal (Zanolla et al. submitted). This hypothesis is

390 supported'by higher survival rates in ballast waters associated with higher thermal

391  photosynthetic performance of the tetrasporophytes compared to gametophytes (M. Zanolla
392  pers. obs.;Mata‘et al. 2006, Zanolla et al. 2009).

393  ThreeA. taxifermis OTUs occur sympatrically in the Hawaiian archipelago: L1 abounds in
394 the Main Hawalian Islands; L2 dominates the Northwestern Hawaiian Islands; L4 is

395 apparently present only along a localized region of the south shore of Oahu (Andrelakis et a
396 2007, Sherwood 2008). Compared to these previous studies, this study revealed extended
397  distribution ranges for L1 and L2 on Oahu and multiple new haplotypes fartakiformis

398  OTUs.

399
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Asparagopsis armatal
Asparagopsis armata has been reported from the Mediterranean Sea since the first half of the

20th century (Bonin and Hawkes 1987, Drew 1950). Recently identified as a species complex

consisting of two mitochondrial lineages (Dijoux et al. 2014), this taxon showed a
documentednegative impact on the local marine communities of wagtlern Spain

including the Strait of Gibraltar (Florddoya and Conde Poyales 1992).

In the present study, invasion rigkaslimited for A. armata L1, on the basis of rangshift
dynamics predicted by SDM and distinct differences in photosynthetic plasticdtygam
lineagegZanolla et al. 2015).

Following the introduction of. taxiformis L2, populations were initially reported in

sympatry withA.‘armata, with the former occupying deeper sites (Altamirano et al. 2008).
SubsequentlyAtaxiformis L2 populations have partially or totally replaced those
populations of the originally dominaAt armata at many sites, independent of depth
(Altamirano_et al2008;J. Dela Rosa pers. obs.). This competitive relationship established
between the twésparagopsis OTUs likely denotes a physiological response to recent global
warming (Sehaffelke and Hewitt 2007, Rilov and Crooks 2009, Mainka and Howard 2010).
In this sense, the greater photosynthetic plastici#. ¢dxiformis L2 compared té\. armata,
indicates adaptive benefits that likely support its invasive success (Zanolla et al. 2015).
Temperature.optima for survival and reproduction may laés@compromised the celd
temperatéd. armata and favoured the tropicéémperateéA. taxiformis L2. This hypothesis is
further supported by Maxent predictive modelling which delivered an important deaneas
suitability for A. armata in the Alboran Sea, whicigrees with the observed species decline

in this region.

Asparagopsis taxiformisl

ThreeA. taxiformis OTUs occur sympatrically in the Hawaiian archipelago: L1 atsum

the Main Hawaiian Island§2 dominates tb Northwestern Hawaiian Islands, dntlis
apparently=present only along a localized region of the south shore of Oahu (Andrelakis et a
2007, Sherwood 2008). Compared to these previous studies, this study revealed extended
distribution ranges for L1 and L2 on Oahu and multiple new haplstigseall A. taxiformis
OTUs.Fifteen L1 haplotypes were found around Oahu, corresponding to a 68% increase in
haplotype diversity for L1.

In the year 2050 a significant expansion is expected for this lineage in the tropitssand

predicted to b@lmost nonexistent in latitudes higher than K5°
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434 It is worthwhile mentioning tha. taxiformis L1 gametophytes were often observed on live
435  coral coloniesn Lanikai beach in Ohau (Hawaiyjth possibly negativeonsequences to the
436  corals of the reefM. Zanolla pers. obs.).

437

438  Asparagopsis-taxiformils2

439  Asparagopsistaxiformis L2 dominates the central Mediterrangand the lineage was

440 recently foundinthe eastern Mediterranean whetgeitgvioris often invasive (Tsiamis et

441  al. 2010). in the western Mediterranean, undetermined lineadesaxfformis have been

442  previously repoerted from the archipelago of the Chafarinas Islands since 1998ii(#ia

443  1999). Thetaxon has been since found in the south-eastern coast of Spain, the north coast of
444  Morocco and/the Strait of Gibraltar (Altamirano et al. 2008, Dijoux et al. 201dhgihe

445  Andalusian coastlinéd. taxiformis L2 gametophytes persist and abound along a depth range
446  of 1-15 m throughout the year (Zanolla et al. 2017a). The presence of L2 in these habitats
447  may compromise both diversity and species richness of native communities, including

448  protected maérl assemblages (Zanolla et al. submiftedse populations are well

449  establishedpresenting both sexual reproduction and vegetative propagation, with the

450  subsequent, production of dispersal ufiies, tetrasporophyteganolla et al. 2017a,b).

451  The native status of L2 in Hawaii (Sherwood 2008) is supported by the result of this study
452 given its high.devel of haplotype variation. Only 11 haplotypes of L2, including the most

453  frequent central Mediterranean haplotype, were found at multiple Spanish locations

454  compared. to the higher haplotype diversity reported previously from the central

455  Mediterranean Sea (Andreakis et al. 200007). These findings, supported by our field

456  observations, suggest that the western Mediterranean L2 populations under exparmdion are
457  central Mediterranean origin. Hawaiian L2 haplotypes have been recovered ipdristt

458  sampling sites and centraldditerranean haplotypes were found in Scottburgh (South Africa)
459  (Bolton etal..2011), suggesting remarkable levels of survival potential and confirming the
460 feasibility of Artaxiformis L2 remote dispersal (South AfriddediterranearHawaii; e.g, via

461 ballast waterFlagella et al. 2007). The haplotype composition found in Spanish populations
462  suggests.aAitaxiformis L2 range expansion westwards following introduction of

463  immigrants from central Mediterranean sources. Successful persistence and etiszieait

464  genetic variants hawedsobeenreported for introduced populations@ddium fragile subsp.

465 fragile (Provan et al. 2005, 2008). This hypothesis is further supported by the environmental
466  continuum between central and western Mediterranean and theatiom roots within the

467  basin that may facilitate L2 dispersal towards environmentally suitable areas for colonization.
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An invasion meltdown hypothesis may additionally explain the introductidntakiformis

L2 to the Andalusian coasts assuming that communities under stress from an invasive species

(i.e., A. armata) are more susceptible to additional invaders, @etaxiformis L2; Simberloff
and Von Holle 1999). Under this caveat, it is noticeable that in Almerian localities where the
two Asparagopsis OTUs cceoccur, the subtidal communities are additionally affected by the
invasiveCaulerpa cylindracea (Altamirano et al. 2014). Despite the lack of impact
assessments for these invasive OTUs from Almeria, our overall impression duringrkhis wo
was one of biotic homogenization and species richness declinglt@hirano, J. Ded Rosa
and M. Zanolla.persbs).

Invasion risk is-herein inferred to be high Asparagopsistaxiformis L2 on the basis of

range shift'dynamics predicted by SDM and superior performance of vegetative pmpagati
capability forA.taxiformis L2 associated with constant presence of fertile individua#s of
taxiformis L2 throughout the year, indicative of sexual propagation (Zanolla et al. 2015,
2017, b).

Asparagopsistaxiformis L3

Falkenbergia'isolates of L3 are reported for the first time in this study from the Alboran Sea
(western Mediterranean, Almeria, Southern Sp&opulations oA. taxiformisL3 are

known from_Lebanon (Andreakis et al. 2007) and South Africa where the lineage is
considered invasive (Bolton et al. 2011). Atlantic and Lebanese isolates and thogefro
Alboran Sea shared identical haplotypes while L3 haplotype diversity wésakst. Since

L3 was not found in intermediate locations among Lebanon, Alboran Sea and the Canary
Islands, its source population cannot be assessed. However, L3 is here considered as a new
introduction in this part of the Mediterranean Sea that remdiiuieln in previous studies
conducted'in the area mostly because of insufficient sampling effort (Andreaki2@d4,

2007, 2009, Dijoux et al. 2014). Due to its characteristic photosynthetic plasticity, L3 is
likely to expand:in the Mediterrean SeaZanolla et al. 2015). At present, given the lack of
systematicsbiodiversity surveys in the Mediterranean Sea, we are uncertain of the lineage’s
distributionsrange in that region. In addition, the presence of only L3 tetrasporophytes does
not exclude the presence of L3 gametophytes, which may have been missed because of
unsuccessful tetrasporogenesis dugnfavorable environmental conditions at the sampling
site (Breeman 1988, Ni Chualain et al. 2005). Whether L3 is capable of complefiry its

life cycle and establishing populations along the Andalusian coasts still remains uncertain.

However, given its invasive character (Bolton et al. 2011) the lineages’ local survival
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potential requires further investigation, which is critical to prediction modedimy
establishing earbgtage detection programs.

Asparagopsis taxiformis L4

Only three new L4 haplotypes were detedtethe Hawaiian Islandgurther supporting the
lineage’s recentintroduction to the Islands (Sherwood 2008). The presence oflidentica
haplotypes of L4in'the Hawaiian Islands and in Costa Rica suggests that both populations

may be acting as donors of propagules for L4.

Modelling seaweed invasions

The use ofnechanistic models to predict species distributiam often be a challenging
process since is very sensitive to thmput data (e.gseeAraujo and Guisan 2006,
Marcelino and Verbruggen 20055DMis a correlative approathatdescribes patterns
rather tharexplainingthe medanisms of species distributidBinceour input datarestrictly
environmental and related to present presence/absence of the limeageknowledge that
the output of the'models may afected.In addition despite thé\. taxiformisrecords
included inithis study were all genotypaitkthe lineage level, several recordg\ofrmata
were reported before the cryptic speciation discovered red@ifhux et al. 2014) and they
could not be associated with any of fhermata cryptic lineages.

The distribution models obtained suggest thairmata L1 andA. taxiformis L1 and L2 have
considerable potential for surviving upon introduction worldwide. This is further sieppor
by the broadscale tolerance inferred from the values of environmental variables associated
with their known distribution range. Thegalues likely reflect a wide environmental
tolerance ofAsparagopsis, which in the case of the invasive OTUSs, is expected to increase
with time. Also, genetic variation within species is known to enhance species bundea
unfavorable conditions or escalate species fitness following introduction (KioReusser
2012).

Assumingithat-the future environmental projections (Kaschner et al. 2@l@ererally
fulfilled, thesinvasive OTUs, in particuld. taxiformis L1, may represent future high profile
invaders along,the suitable coasts including their currently occupied habitats

It is worth mentioning that some model predictions suggest changes in OTU invasiwene
certain regions over time. For example, Maxent models suggested a shift in impcsnt&l

betweenA. taxiformis L2 andA. armata L1 in the central Mediterranean by 2050, probably
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due to the predicted regional decrease in thermal suitability for the f@mé(Zanolla et
al. 2015).

Conclusions

Demographic statistics art@havioral changes such as sudden range expansion siiggest
taxiformis L2to be the most invasive OTU within the genus. Our work illustrates that long-
term programs for monitoring marine aliens are necessary in areas particularly vulnerable to
biological invasionge.g.,Mediterranean Sea and the Hawaiian Islands), and in the case of
Asparagopsis, inithe high invasiomisk areas predicted by the models &g, S3, S4). Early-
stage detection protocols in place can be facilitated through the use of recentlggropos
morphological characters useful for inexpensive and rapid identification ofwevasi
Asparagopsis OTUs (Zanolla et al. 2014).
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bold, statistically significant valuep<0.002). Model of sequence evolution given the

alignment;o, gamma shape parameter; I: proportion of invariable sites.

OTU length # sequence: h p -gl1 Fu'sFs R, Model « I

full database 365 263 101 91 -0.85 -0.7° 0.102(0.825) HKY 0.568 nl/a
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A.taxiformisL1 268 38 9 6 -148 -2.3° 0.102(0.427) F81 n/a 0.9658
A.taxiformisL2 338 166 46 12 -2.33 -10.1 0.031(0.055) F81 n/a nla
A. taxiformis L3338 13 7 3 -0.69 -0.8° 0.224 (0.815 HKY n/a 0.9941
A. taxiformisitds, 324 16 3 n/a nla -04 0.165(0.654) F81 n/a nla

Figure captions
Figure 1. Updated distribution occurrence majthe Mediterranean Sea (@,and the

Hawaiian Islands (c) for each of tAgparagopsis OTUs based on genetically delineated
specimengAndreakiset al.2004, 2007, Sherwood, 2008, Dijoeixal.2014).A. armata L1
(A); A taxiformisL1 (X); A. taxiformis L2 (e); A. taxiformis L3 (m); A. taxiformis L4 ().

Figure 2.Genealogical network reconstruction based orcék2—3 spacer through Bayesian
Skyline Plots«(BSPs) dksparagopsis OTUs and updated haplotype distribution based on
genetically delineated spienens. aA. armata L1; b) A. taxiformisL1; c) A. taxiformis L2;

d) A. taxiformiS'L3; e) A. taxiformis L4. Circles denote distinct haplotypes; circle sizes are
proportional to haplotype frequencies. Haplotype numbers and specimen details are given in
Table S1Bars‘across lines connecting haplotypes denote substitution steps. Time on BSPs is

given in millions of years (MY).
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782  Figure 3.In a) TN-corrected genetic distances within lineages; h= number of haplotypes
783  encountered within each lineage; b)-Thrected interspecies and lineage distance

784  comparisons, and c)fvalues denoting lineagspecific genetic differentiation; d) Haplotype
785  diversity expressed as number of haplotypes recovered over the total numbgplessam
786  analysedinformer studies (#tagray) compared to this paper (light gray). Aarmata L1;
787  AT: A.taxiformis; L: Lineage.

788

789  Figure 4. Rotential distribution oA. armata L1 (a b), andA. taxiformisL1 (c, d) and L2 (e,
790 f) as predicted,by Maxent models. Panels b, d and f represent detailed potentuaitidistri
791  patterns ofithe aforemention@dparagopsis lineages in the Mediterranean SPeedictions
792  given by additional models are provided in the Supporting Information. Color scale next to
793  each map inftefigureindicates environmental suitability for occurrence.

794

795  Supplementary files

796  Appendix S1.Details and rational ainalysismethods chosen.

797

798  Appendix S2 'R functions used for modelling.

799

800 Supplementary Figure 1. Midpoint-rooted maximum likelihood phylogenetic reconstruction
801 in a) and Bayesian Skyline Plot (BSP) in b) of the ge¥gparagopsis based ortox2—3

802  spacer sequences. AAgparagopsis armata; AT, Asparagopsis taxiformis, F, Falkenbergia
803 stage; GR, GreecélA, Italy; HI, Hawaiian Islands. Spémen details are given ihableS1.
804  Time in the BSP is given in millions of years before present.

805

806 Supplementary Figure 2. Mismatch distributions calculated for lineages of the genus

807  Asparagopsis..The thin line represents the expected mismatch distribution of a stationary
808  population=The dotted line represents the observed mismatch from segregatiofjtbite
809 alignedsequences of thmx2-3 mitochondrial marker. ATA. taxiformis; L, lineage.

810

811  Supplementary, Figure 3. Potential distributions ofsparagopsisarmata L1, A. taxiformis

812 L1 and L2 as predicted Bioclim (a, ¢, eJand Domainb, d, fymodelsrespectivelyunder

813  current environmental conditions. Cokwale indicates environmental suitability for

814  occurrence.

815
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Supplementary Figure4. Hypothesised potential distribution Afparagopsis armata L1
(a),A. taxiformislineages L1 (b) and L2 (c) in the year 2050, as predicted by Maxent models
applied to projected AquaMaps environmental data. Galale indicates environmental

suitability for occurrence.

SupplementaryTable 1. List of gpecimens used in this study.

Supplementary Table2. Number of specimerand haplotypesollectedfrom each

geographical region.

Supplementary Table3. TamuraNei corrected genetic distances amomgsaragopsis

species and lineages
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Table 1.Sequence and alignment statistics. h, number of distinct haplotypes; p, parsimony
informative sites given the alignment; -g1, estimate of the phylogenetic signal given the
alignment; Fu's Fand R, population expansion and departure from neutrality statistics; in
bold, statistically significant values (p<0.002). Model of sequence evolution given the

alignmentie;"gamma shape parameter; I: proportion of invariable sites.

OoTuU length # sequence: h p -gl Fu'sFs R> Model «a I
full databasemm365 263 101 91 -0.85 -0.7° 0.102(0.825) HKY 0.568 nl/a
A. taxiformis 338 334 71 38 -0.71 -0.8" 0.063(0.331) HKY 0.258 nl/a
A. armatad-l 364 29 18 3 -2.70 -4.8° 0.104(0.197) F81 0.6350.9242

A. taxiformisiled=" 268 38 9 6 -148 -2.3® 0.102(0.427) F81 n/a 0.9658
A. taxiformis L2 338 166 46 12 -2.33 -10.1 0.031(0.055) F81 n/a nla
A. taxiformis L3~ 338 13 7 3 -0.69 -0.8° 0.224 (0.815 HKY n/a 0.9941
A. taxiformis L4 324 16 3 nfa nla -04 0.165(0.654 F81 n/a nla
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