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Abstract

Characterizing the patterns of hybridization between cѴoseѴy reѴated species is cruciaѴ 
to understand the roѴe of gene fѴow in speciationĺ In particuѴarķ systems comprising 
muѴtipѴe contacts between sister species offer an outstanding opportunity to invesŊ
tigate how reproductive isoѴation varies with environmentaѴ conditionsķ demography 
and geographic contexts of divergenceĺ The fѴat periwinkѴesķ Littorina obtusata and 
L. fabalis ŐGastropodaőķ are two intertidaѴ sister species with marked ecoѴogicaѴ difŊ
ferences compatibѴe with Ѵate stages of speciationĺ AѴthough hybridization between 
the two was previousѴy suggestedķ its extent across the AtѴantic shores of Europe 
remained ѴargeѴy unknownĺ Hereķ we combined genetic ŐmicrosateѴѴites and mtDNAő 
and morphoѴogicaѴ data ŐsheѴѴ and maѴe genitaѴ morphoѴogyő from muѴtipѴe popuѴations 
of fѴat periwinkѴes in northŊwestern Iberia to assess the extent of current and past 
hybridization between L. obtusata and L. fabalis under two contrasting geographic 
settings of divergence Ősympatry and aѴѴopatryőĺ Hybridization signatures based on 
both mtDNA and microsateѴѴites were stronger in sympatric sitesķ aѴthough evidence 
for recent extensive admixture was found in a singѴe Ѵocationĺ Misidentification of 
individuaѴs into species based on sheѴѴ morphoѴogy was higher in sympatric than in 
aѴѴopatric sitesĺ Howeverķ despite hybridizationķ species distinctiveness based on this 
phenotypic trait together with maѴe genitaѴ morphoѴogy remained reѴativeѴy highĺ The 
observed variation in the extent of hybridization among Ѵocations provides a rare 
opportunity for future studies on the consequences of different ѴeveѴs of gene fѴow 
for reinforcementķ thus informing about the mechanisms underѴying the compѴetion 
of speciationĺ

K E Y W O R D S

ecoѴogicaѴ speciationķ ecotypesķ fѴat periwinkѴesķ gene fѴowķ geographic contextķ introgressionķ 
maѴe genitaѴiaķ naturaѴ seѴectionķ reproductive isoѴationķ sheѴѴ morphoѴogy
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ƐՊ |ՊINTRODUC TION

It is wideѴy accepted that the number of traits contributing to reŊ
productive isoѴation generaѴѴy increases as speciation progresses 
ŐSeehausen et aѴĺķ ƑƏƐƓĸ Smadja ş ButѴinķ ƑƏƐƐőĺ Howeverķ how 
traits under different evoѴutionary forces such as sexuaѴ seѴection 
ŐRitchieķ ƑƏƏƕőķ naturaѴ divergent seѴection ŐNosiѴķ ƑƏƐƑőķ and seѴecŊ
tion against maѴadaptive hybridization ŐButѴinķ ƐƖѶƕĸ HoѴѴander et aѴĺķ 
ƑƏƐѶő interact with each other toward compѴeting speciation is stiѴѴ 
ѴargeѴy unknownĺ

Distinguishing whether sister species are or are not compѴeteѴy 
reproductiveѴy isoѴated is a key step to identify traits invoѴved in 
speciationĺ Traits differentiating species that are fuѴѴy reproducŊ
tiveѴy isoѴated couѴd have evoѴved after speciation was compѴete 
and have not necessariѴy contributed to reduce gene fѴow between 
them ŐButѴinķ ƐƖѶƕĸ Coyne ş Orrķ ƑƏƏƓĸ NosiѴ ş SchѴuterķ ƑƏƐƐőĺ For 
exampѴeķ a recent study on mangrove snaiѴsķ Littoraria cingulata and 
L. filosaķ found reproductive character dispѴacement in assortative 
matingķ but no gene fѴow between the two speciesķ suggesting that 
dispѴacement was caused by reproductive interference after speciaŊ
tion was compѴete ŐHoѴѴander et aѴĺķ ƑƏƐѶőĺ By contrastķ sister species 
that hybridize can be an important source of knowѴedge about the 
buiѴdup of traits that act as barriers during the progress of speciation 
ŐAbbott et aѴĺķ ƑƏƐƒőĺ

AѴthough divergence in the presence of gene fѴow is a wideѴy 
accepted mechanism ŐPinho ş Heyķ ƑƏƐƏőķ our view of speciation 
remains oversimpѴifiedĺ Even when modeѴs of divergence take 
into account muѴtipѴe rates of gene fѴow across the genome and 
through time ŐRoux et aѴĺķ ƑƏƐƓĸ Sousaķ Carneiroķ Ferrandķ ş Heyķ 
ƑƏƐƒőķ inferences about the genomic architecture of speciation 
often assume that there is one Ѵandscape of divergence across 
the genome that is consistent in aѴѴ contacts between a pair of 
speciesĺ Howeverķ divergence between two evoѴutionary units 
often invoѴves muѴtipѴe geographicaѴ repѴicates Őeĺgĺķ stickѴebacksķ 
Jones et aѴĺķ ƑƏƐƑĸ rough periwinkѴesķ ButѴin et aѴĺķ ƑƏƐƓő or a wide 
distribution with muѴtipѴe opportunities for hybridization in conŊ
tact zones that are reѴativeѴy independent from each other Őeĺgĺķ 
house mouseķ Smadjaķ CataѴanķ ş Ganemķ ƑƏƏƓĸ fireŊbeѴѴied toadsķ 
Szymura ş Bartonķ ƐƖѶѵőĺ Thusķ species interactions are ѴikeѴy to 
be contextŊdependent both in space and timeķ resuѴting in difŊ
ferent rates of hybridization with ѴocaѴityŊspecific evoѴutionary 
consequences ŐHarrison ş Larsonķ ƑƏƐѵőĺ Such heterogeneity is 
particuѴarѴy reѴevant to understand how different barrier traits 
accumuѴate and work in concert to strengthen reproductive isoŊ
Ѵationĺ The mechanisms compѴeting speciationķ such as reinforceŊ
mentķ depend not onѴy on the opportunity for hybridization but 
aѴso on its costs and benefitsķ which may vary idiosyncraticaѴѴy 
among contact zonesĺ Studies of muѴtipѴe repѴicates where sister 
species contact and have the opportunity to hybridizeķ but aѴso 
comprising different environmentaѴ conditionsķ demographic sceŊ
nariosķ and geographic contexts of divergenceķ are thus needed to 
gain a more comprehensive understanding of how hybridization 
and barrier traits vary across the speciesĽ rangeĺ

Marine gastropods of the famiѴy Littorinidae have been extenŊ
siveѴy studied in the context of ecoѴogicaѴ speciation ŐJohannessonķ 
ƑƏƏƒĸ RoѴ࢙nŊAѴvarezķ Austinķ ş BouѴdingķ ƑƏƐƔőĺ This incѴudes the 
rough periwinkѴe Littorina saxatilisķ for which severaѴ ecotypes have 
been evoѴving in paraѴѴeѴ ŐButѴin et aѴĺķ ƑƏƐƓĸ Johannessonķ ƑƏƏƒĸ 
Reidķ ƐƖƖѵőķ the Littoraria species mentioned above ŐHoѴѴander et 
aѴĺķ ƑƏƐѶőķ but aѴso the sister species Littorina fabalis and L. obtusata 

ŐCarvaѴhoķ SoteѴoķ GaѴindoķ ş Fariaķ ƑƏƐѵĸ Kemppainenķ Lindskogķ 
ButѴinķ ş Johannessonķ ƑƏƐƐĸ Kemppainenķ Panovaķ HoѴѴanderķ 
ş Johannessonķ ƑƏƏƖĸ RoѴ࢙nŊAѴvarez et aѴĺķ ƑƏƐƔĸ SoteѴo et aѴĺķ 
ƑƏƑƏőĺ CommonѴy known as fѴat periwinkѴesķ the Ѵatter two species 
started to diverge around ƏĺѶŋƐĺƒ miѴѴion years ago ŐKemppainen 
et aѴĺķ ƑƏƏƖĸ Marques et aѴĺķ ƑƏƐƕ; Reidķ Rumbakķ ş Thomasķ ƐƖƖѵĸ 
SoteѴo et aѴĺķ ƑƏƑƏĸ Tatarenkovķ ƐƖƖƔőķ showing high genetic differŊ
entiation in aѴѴozymes ŐNeiļs interspecific vsĺ intraspecific genetic 
distance of ƏĺƓƔѶ vsĺ ƏĺƏƐƓķ respectiveѴyĸ RoѴ࢙nŊAѴvarezķ Zapataķ 
ş AѴvarezķ ƐƖƖƔő and microsateѴѴite Ѵoci ŐFST ƻ Əĺƒ for the majority 
of tested Ѵociķ CarvaѴho et aѴĺķ ƑƏƐƔĸ mean FST Ʒ ƏĺƓƔķ CarvaѴho et 
aѴĺķ ƑƏƐѵőĺ Howeverķ widespread mtDNA hapѴotype sharing raised 
the hypothesis of gene fѴow during divergence between the two 
species ŐKemppainen et aѴĺķ ƑƏƏƖőķ which was supported by recent 
anaѴyses ŐSoteѴo et aѴĺķ ƑƏƑƏőĺ Together with the identification of 
severaѴ earѴy generation hybrids in a singѴe site cѴose to the southŊ
ern distribution Ѵimit of these species ŐCarvaѴho et aѴĺķ ƑƏƐѵőķ the 
divergence between fѴat periwinkѴe species is compatibѴe with an 
advanced stage of speciationķ with some residuaѴ gene fѴow in the 
present and more extensive gene fѴow in the pastĺ

These two sibѴing species present a ѴargeѴy overѴapping distribuŊ
tion aѴong the European AtѴantic shores ŐReidķ ƐƖƖѵőĺ Howeverķ at a 
ѴocaѴ scaѴeķ pockets of aѴѴopatric popuѴations can be foundķ especiaѴѴy 
in northŊwestern Iberia ŐSoteѴo et aѴĺķ ƑƏƑƏőĺ Moreoverķ L. obtusata 

is usuaѴѴy found in more sheѴtered habitats than L. fabalisĺ These inŊ
cѴude areas of GaѴician bays ŐľRझasĿő in Spainķ as weѴѴ as sites in northŊ
ern PortugaѴ that are somewhat protected from wavesĺ Littorina 

fabalisķ on the other handķ occupies more exposed areas with stronŊ
ger wave actionĺ In Iberian Ѵocations where the two species coŊoccur 
Őhereafter referred to as sympatric for simpѴicityőķ they tend to show 
some ѴeveѴ of verticaѴ zonationķ with L. obtusata occupying the mid 
to upper part of the shoreķ whiѴe L. fabalis tends to inhabit the Ѵower 
partĺ

Three L. fabalis ecotypes were previousѴy identified in this regionķ 
facing different wave exposure regimes and dweѴѴing in different macŊ
roaѴgaeņseagrassĺ The Mastocarpus Exposed ŐMEő ecotype is usuaѴѴy 
found in exposed sites on Mastocarpus sppĺĸ the Zostera SheѴtered ŐZSő 
ecotype is found in a singѴe sheѴtered region associated with Zostera 

sppĺĸ and the Fucus Intermediate ŐFIő ecotype is commonѴy found in 
Fucus sppĺ ŐCarvaѴho et aѴĺķ ƑƏƐѵĸ RoѴ࢙n ş TempѴadoķ ƐƖѶƕőĺ Some variŊ
ation in sheѴѴ morphoѴogy associated with wave exposure has aѴso been 
described within L. obtusata ŐReidķ ƐƖƖѵőĺ Howeverķ in contrast to L. 

fabalisķ there is no association between this variation and macroaѴgae 
speciesĺ Since the phenotypic differences and distribution of these 
variants in Iberia have not been characterized in a systematic mannerķ 
the ecotype terminoѴogy is generaѴѴy not used for L. obtusata.
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Contact between L. obtusata and aѴѴ different L. fabalis ecotypes 
has been observed during fieѴdwork for this and previous studies 
ŐCarvaѴho et aѴĺķ ƑƏƐѵő butķ given the distribution of both speciesķ 
those invoѴving the FI ecotype are the most commonĺ How this diŊ
versity in terms of geographic context of divergence and ѴocaѴ enŊ
vironmentaѴ conditions infѴuences the prevaѴence of hybridization 
between L. obtusata and L. fabalis remains uncѴearĺ

FѴat periwinkѴes aѴso exhibit high intraspecific sheѴѴ poѴymorphism 
in coѴor patternsķ as weѴѴ as in size and shape ŐRoѴ࢙nŊAѴvarez et aѴĺķ 
ƑƏƐƔőĺ AѴthough L. fabalis tends to be smaѴѴer and have a different sheѴѴ 
shape ŐtypicaѴѴy a rounder sheѴѴ with a wider apertureő when comŊ
pared to L. obtusata ŐtypicaѴѴy a more eѴongated sheѴѴ and smaѴѴer aperŊ
ture reѴative to sizeőķ maѴe genitaѴ morphoѴogy is the most reѴiabѴe trait 
for distinguishing sister species ŐReidķ ƐƖƖѵőĺ A comparative anaѴysis 
across Littorininae reveaѴed greater maѴe genitaѴ shape divergence 
between sympatricņparapatric sister species when compared with 
aѴѴopatric pairs ŐHoѴѴanderķ Smadjaķ ButѴinķ ş Reidķ ƑƏƐƒőķ with fѴat perŊ
iwinkѴes standing out as a strong candidate for prezygotic isoѴation to 
have evoѴved as a consequence of hybridizationĺ Howeverķ simiѴar patŊ
terns couѴd have resuѴted from reproductive interference to reduce 
direct costs associated with interspecific mating after reproductive 

isoѴation was compѴete ŐHoѴѴander et aѴĺķ ƑƏƐѶőĺ Thusķ the comparisons 
between popuѴations with different ѴeveѴs of hybridization is a prereqŊ
uisite for further tests of reinforcement or other processes Ѵeading to 
compѴetion of reproductive isoѴation in this systemĺ

Here we have anaѴyzed muѴtipѴe northŊwestern Iberian popuѴations 
representing different geographicaѴ contexts ŐaѴѴopatric and sympatricő 
between fѴat periwinkѴesĺ We anaѴyzed genetic data ŐmicrosateѴѴites and 
mtDNAő together with sheѴѴ and maѴe genitaѴ morphoѴogy of snaiѴs from 
Ƒƕ Iberian sites in order to Őaő characterize the extent of hybridization 
between the two sister speciesĸ Őbő evaѴuate differences in hybridization 
frequency and dynamics across distinct geographic settingsĸ and Őcő asŊ
sess the infѴuence of hybridization on the phenotypic differences ŐsheѴѴ 
and maѴe genitaѴia morphoѴogyő between species across sitesĺ

ƑՊ |ՊMATERIAL S AND METHODS

ƑĺƐՊ|ՊSampѴing of fѴat periwinkѴes

SampѴing covered sites in the northŊwestern part of the Iberian 
PeninsuѴa where both L. fabalis and L. obtusata were present 

F I G U R E  Ɛ Պ SampѴing Ѵocations across the distribution range of Littorina fabalis and Littorina obtusata in the Iberian PeninsuѴaĺ Őaő GeneraѴ 
overview of the Iberian shore extent where the Ƒƕ sampѴed sites are distributedĺ Őbő Zoom in of northern sampѴing sitesĺ Őcő Zoom in of 
sampѴing sites in Rझa de Arousa and Rझa de AѴd࢙nĺ Ődő Zoom in of sampѴing sites in the Portuguese coastĺ Names of the sites foѴѴow those 
presented in TabѴe Ɛ
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TA B L E  Ɛ Պ Information of the individuaѴs anaѴyzed in this studyķ dispѴaying the Ѵocations sampѴedĸ date of coѴѴectionĸ geographicaѴ context of the species distribution in each Ѵocationĸ species 
present in each Ѵocation ŐmaѴes cѴassified into species based on sheѴѴ appearance and penis morphoѴogy and femaѴes cѴassified based on sheѴѴ appearanceőĸ Littorina fabalis ecotype Őwhen 
appѴicabѴeőĸ number of individuaѴs coѴѴected ŐNőĸ number of individuaѴs anaѴyzed for microsateѴites ŐNmicrosőĸ number of individuaѴs anaѴyzed for mtDNA ŐNmtőĸ and number of individuaѴs anaѴyzed 
for sheѴѴ morphoѴogy ŐNGMő

Location Code Collection date Distribution Species Ecotype N Nmicros Nmt NGM

Coordinates

Latitude Longitude

Ɛĺ BureѴa BUR October 2015 Sympatric Littorina fabalis and 
Littorina obtusata

MEņFIa 34 15 15 20 ƓƒŦƒƖனѵƏபN ƕŦƑƐனƑƒபW

Ƒĺ Mor࢙sf MOR October 2015 Undetermined L. obtusata � 15 9 9 0 ƓƒŦƓƒனƏѶபN ƕŦƑѶனƑƔபW

ƒĺ AbeѴѴeira ABE December 2012 Sympatric L. fabalis and L. obtusata FI 84 24b 18 31 ƓƑŦƓƕனƔƒபN ƖŦƏƐனƒƏபW

Ɠĺ Muros North MURN December 2012 Sympatric L. fabalis and L. obtusata FI 40 40 37 14 ƓƑŦƓѵனƑƔபN ƖŦƏƒனƏѵபW

Ɣĺ Muros South MURS December 2012 AѴѴopatric L. fabalis FI 25 24b 13 19 ƓƑŦƓƓனƒƓபN ѶŦƔѶனƔƒபW

ѵĺ Lanzada North LANN JuѴy ƑƏƐƔ Sympatric L. fabalis and L. obtusata ZS 95 44 39 30 ƓƑŦƑƕனƔƑபN ѶŦƔƑனƏƑபW

ƕĺ Lanzada South LANS December 2012; 

FebruaryŋMarch 
2015

AѴѴopatric L. fabalis ZS 78 23 b 22d 34 ƓƑŦƑƕனƒѶபN ѶŦƔƑனƐƖபW

Ѷĺ Seixiोos SEI December 2012; 

March ƑƏƐƔ
Sympatric L. fabalis and L. obtusata ZS 79 77c 51 38 ƓƑŦƑƕனƑѶபN ѶŦƓƖனƑƒபW

Ɩĺ AѴd࢙n North ALDN February ƑƏƐƔ AѴѴopatric L. obtusata � 46 40 20 23 ƓƑŦƐѵனƓƕபN ѶŦƓƖனƐƒபW

ƐƏĺ AѴd࢙n South ALDS February ƑƏƐƔ Sympatric L. fabalis and L. obtusata FI 20 20 18 8 ƓƑŦƐѵனƒѵபN ѶŦƓƖனƑƖபW

ƐƐĺ Borna BOR JuѴy ƑƏƐƔ Sympatric L. fabalis and L. obtusata FI 66 42 42 24 ƓƑŦƐѵனƔƐபN ѶŦƓƐனƓƖபW

ƐƑĺ Tir࢙n TIR November ƑƏƐƑĸ 
JuѴy ƑƏƐƔ

Sympatric L. fabalis and L. obtusata FI 147 49c 40e 36 ƓƑŦƐƔனƓƖபN ѶŦƓƔனƐѵபW

Ɛƒĺ Cangas CAG November ƑƏƐƑ Sympatric L. fabalis and L. obtusata FI 150 55c 42 49 ƓƑŦƐƔனƑƐபN ѶŦƓƕனƐѵபW

ƐƓĺ RedondeѴa RED JuѴy ƑƏƐƔ AѴѴopatric L. obtusata � 57 40 23 36 ƓƑŦƐƕனƐƔபN ѶŦƒƕனƑƑபW

ƐƔĺ La Guia GUI February ƑƏƐƒ Sympatric L. fabalis and L. obtusata FI 62 47 37 32 ƓƑŦƐƔனƒƐபN ѶŦƓƑனƐƒபW

Ɛѵĺ AѴcabre ALC JuѴy ƑƏƐƔ Sympatric L. fabalis and L. obtusata FI 53 42 35 29 ƓƑŦƐƒனƑƔபN ѶŦƓƔனƔƕபW

Ɛƕĺ Canido CAN October 2012 AѴѴopatric L. fabalis FI 93 24b 21 34 ƓƑŦƐƐனƒƑபN ѶŦƓѶனƐƖபW

ƐѶĺ As Mariोasg MAR October 2012; 

February ƑƏƐƒ
AѴѴopatric L. fabalis ME 74 24b 19 0 ƓƑŦ ѵனƏƐபN ѶŦƔƒனƓƒபW

ƐƖĺ Moug࢙s MOU November ƑƏƐƑ AѴѴopatric L. fabalis ME 24 24b 20 0 ƓƑŦ ƒனƒƖபN ѶŦƔƒனƑƕபW

ƑƏĺ Viana do CasteѴo VIA September 2014 AѴѴopatric L. obtusata � 60 39 20 36 ƓƐŦƓƐனƓƔபN ѶŦƔƐனƏƑபW

ƑƐĺ Rio de Moinhos MOI November ƑƏƐƑ AѴѴopatric L. obtusata � 85 35b 30d 36 ƓƐŦƒƓனƏƏபN ѶŦƓƕனƔƏபW

ƑƑĺ Pॕvoa de Varzim POV November ƑƏƐƑ AѴѴopatric L. fabalis ME 63 23b 21d 28 ƓƐŦƑƒனƏƔபN ѶŦƓѵனƑƖபW

Ƒƒĺ MindeѴo MIN October 2015 Sympatric L. fabalis and L. obtusata ME 90 70 68 47 ƓƐŦƐѶனƒѵபN ѶŦƓƓனƒƒபW

ƑƓĺ AgudeѴa AGU November ƑƏƐƑ AѴѴopatric L. fabalis ME 65 32 19 26 ƓƐŦƐƓனƒƓபN ѶŦƓƒனƓƓபW

ŐContinueső
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Ősympatricőķ as weѴѴ as sites where onѴy one species was found ŐѴoŊ
caѴѴy aѴѴopatricő ŐFigure Ɛķ TabѴe Ɛőĺ For the anaѴyses requiring referŊ
ence aѴѴopatric popuѴationsķ these were chosen based on severaѴ 
fieѴd surveys performed in these Ѵocations over the yearsķ where 
we onѴy found one speciesĺ Since fuѴѴy grown individuaѴs were 
needed for morphoѴogicaѴ anaѴysesķ sampѴing efforts were directed 
toward aduѴtsĺ Otherwiseķ individuaѴs were randomѴy coѴѴected in 
terms of sheѴѴ shape and size to avoid biasing our sampѴing toward 
either of the species or potentiaѴ hybridsĺ The ecotype of L. fabalis 

individuaѴs was recorded based on the aѴgaeņseagrass where they 
were foundĺ IndividuaѴs were coѴѴected at the Ѵowest tides ŐƺƏĺƕƔ mő 
and were brought aѴive to the Ѵaboratory where they were frozen 
at ƴƑƏŦCĺ

ƑĺƑՊ|ՊAnaѴysis of penis morphoѴogy

After carefuѴѴy removing the soft tissue from the sheѴѴķ individuaѴs 
were inspected for the presence of maѴe genitaѴiaĺ MaѴes ŐN Ʒ ѶƐѶő 
were initiaѴѴy precѴassified into species based on their penis ľapŊ
pearanceĿ Őiĺeĺķ visuaѴ cѴassificationőĺ This consisted of comparing 
the Ѵength of the fiѴament with respect to totaѴ penis Ѵengthĺ A reѴaŊ
tive Ѵength of ƐƏѷŋƑƔѷ was considered typicaѴ of L. obtusata and of 
ƒƏѷŋѵƏѷ typicaѴ of L. fabalisĺ IndividuaѴs were cѴassified as interŊ
mediate when the proportion was ƑƔѷŋƒƏѷ or as unknown when 
they differed substantiaѴѴy from the typicaѴ proportions for the two 
species ŐCarvaѴho et aѴĺķ ƑƏƐѵĸ Reidķ ƐƖƖѵőĺ The penis was then disŊ
sected at the base of its insertion and preserved separateѴy from the 
bodyķ both in Ɩѵѷ ethanoѴĺ

A discriminant function anaѴysis ŐDFAő based on Ѵinear measureŊ
ments of the penis was performed to evaѴuate the accuracy of this 
visuaѴ cѴassificationķ using the MASS R package vƕĺƒĺƓƖ ŐVenabѴes ş 
RipѴeyķ ƑƏƏƑőĺ For those individuaѴs where we were abѴe to retain 
an intact penis ŐN Ʒ ƑƕѶőķ seven morphoѴogicaѴ features were meaŊ
sured ŐAppendix SƐő under a stereomicroscope ŐOѴympus SZŊCTVőķ 
after repѴacing the Ɩѵѷ ethanoѴ soѴution by ѵƏѷ ethanoѴ to reѴax the 
penesĺ A training set was first seѴected composed of individuaѴs from 
aѴѴopatric sites Őconfirmed geneticaѴѴy based on microsateѴѴitesķ see 
beѴowőĹ Leça da PaѴmeira and MadaѴena for L. fabalis (N Ʒ ƑƓőķ and 
RedondeѴa and Viana do CasteѴo for L. obtusata (N Ʒ ƓƓőĺ The prior 
for the membership to each species was set to the frequency of inŊ
dividuaѴs from each species in the training setĺ The DFA was then 
appѴied to individuaѴs outside the training setĺ We set the cutoff of 
the posterior probabiѴity ŐPp Ʒ ĺƖƖő for the cѴassification of individuaѴs 
as pure L. fabalis or L. obtusataķ for both the training set and other 
sites ŐN Ʒ ƑƐƏőĺ

ƑĺƒՊ|ՊGeometric morphometric anaѴyses of the sheѴѴ

To evaѴuate variation in sheѴѴ morphoѴogy between L. fabalis and L. obtu-

sataķ identify putative hybridsķ and examine the effect of geographicaѴ 
context Őiĺeĺķ aѴѴopatry vsĺ sympatryő on phenotypic variationķ the sheѴѴs L
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were characterized using ѴandmarkŊbased geometric morphometrics 
ŐGMő ŐAdamsķ RohѴfķ ş SѴiceķ ƑƏƐƒĸ Dryden ş Mardiaķ ƑƏƐѵőĺ For this 
purposeķ each sheѴѴ was photographed in a standardized position over 
graph paper Őfor scaѴeő using a stereomicroscope ŐOѴympus SZxƐѵő with 
an attached camera ŐOѴympus SDF PLAPO ƐXPFőķ foѴѴowing the protoŊ
coѴ deveѴoped for L. saxatilis by CarvajaѴŊRodriguez et aѴĺ ŐƑƏƏƔőĺ In each 
sheѴѴķ we then digitized a totaѴ of ƑѶ Ѵandmarks Őfour fixed and ƑƓ sѴiding 
semiѴandmarksķ Figure Ƒaő using TPSDIG vƐĺƓƏ ŐRohѴfķ ƑƏƏѵőĺ WhiѴe fixed 
Ѵandmarks ŐLMő represent homoѴogous points of bioѴogicaѴ interestķ 
semiѴandmarks describe curves between fixed pointsķ and homoѴogy 
is present in the curves themseѴves and not in the coordinatesĽ ѴocaŊ
tion ŐZeѴditchķ Swiderskiķ Sheetsķ ş Finkķ ƑƏƏƓőĺ Contrary to fixed LMķ 
semiѴandmarks are treated in a different mathematicaѴ manner during 
superimpositionķ as they are aѴѴowed to sѴide aѴong the tangent of their 
position in the curve they define in order to minimize the Procrustes 
distance among aѴѴ individuaѴs ŐBooksteinķ ƐƖƖƕőĺ Concerning fixed LMs 
ŐFigure Ƒaőķ LMƐ corresponds to the outer border of the sutureĸ LMƑ 
represents the end of the sutureĸ the position where curves originatŊ
ing at LMƐ and LMƑ intersect is ѴabeѴed LMƒĸ and LMƓ represents the 
point where the outer border of the coѴumeѴѴa starts to deveѴopĺ The 
remaining coordinates represent semiѴandmarksĺ

Landmark coordinates were superimposed using GeneraѴized 
Procrustes AnaѴysis ŐRohѴf ş SѴiceķ ƐƖƖƏőķ to standardize the scaѴeķ 
Ѵocationķ and rotationķ and to optimize the position of semiѴandŊ
marks by minimizing bending energy ŐMitteroecker ş Gunzķ ƑƏƏƖőĺ 
This provided shape variabѴes Őiĺeĺķ Procrustes residuaѴső and centroid 
size ŐCSĸ Dryden ş Mardiaķ ƑƏƐѵőķ the Ѵatter used as an estimate of 
sheѴѴ size for GM anaѴysesĺ This dataset comprised ƕƏƑ aduѴt individŊ
uaѴsķ incѴuding maѴes and femaѴes from aѴѴ Ѵocations except fiveĹ As 
Mariोasķ Moug࢙sķ and MadaѴena ŐME ecotypeőķ because sheѴѴ manipŊ
uѴation resuѴted in their destruction due to their smaѴѴ sizeĸ Lanzada 
North Őregarding onѴy the individuaѴs of the L. fabalis ZS ecotypeőĸ 
and Mor࢙s ŐL. obtusataőķ because most sampѴed individuaѴs were 
juveniѴesĺ NevertheѴessķ sampѴes from these five Ѵocations were inŊ
cѴuded in the genetic anaѴysesĺ

ƑĺƒĺƐՊ|ՊSheѴѴ variation across species and ecotypes

To characterize variation in sheѴѴ morphoѴogy across species and 
ecotypes of L. fabalis without the infѴuence of ongoing hybridizationķ 
we first conducted a set of anaѴyses on individuaѴs from aѴѴopatric popŊ
uѴations ŐL. obtusataķ N = 108; L. fabalisķ N Ʒ ƐƕƓĸ Figure Ɛķ TabѴe Ɛőĺ We 
used a principaѴ component anaѴysis ŐPCAő of shape variabѴes to exŊ
pѴore generaѴ patterns of shape variationĺ To test whether L. obtusata 

and the three ecotypes of L. fabalis differed in sheѴѴ size and shapeķ we 

examined generaѴ Ѵinear modeѴs ŐGLMő for ѴogCS and the muѴtivariate 
set of shape variabѴes in two sequentiaѴ anaѴysesĹ the first with speŊ
cies Őgrouping aѴѴ L. fabalis ecotypeső as the main factor and Ѵocation of 
coѴѴection as a factor nested within speciesĸ and the second within L. 

fabalisķ with ecotype as the main factor and Ѵocation aѴso as a nested 
factorĺ To account for possibѴe aѴѴometric effects of size on shapeķ we 
aѴso examined a GLM for shape using size as a covariateķ with the same 
main factors as beforeķ and Ѵocation as a nested factorĺ The signifiŊ
cance of different terms was evaѴuated using residuaѴ randomization in 
permutation procedures based on Procrustes distances and consisting 
of ƐķƏƏƏ permutationsķ as impѴemented in the function procD.lm of 
geomorph R package ŐAdamsķ CoѴѴyerķ ş KaѴiontzopouѴouķ ƑƏƐѶőķ and ZŊ
scores were used for significance testingķ as recommended by Adams 
and CoѴѴyer ŐƑƏƐѵőĺ Shape differences between groups Őspecies and 
ecotypes of L. fabaliső were visuaѴized using deformation gridsĺ

ƑĺƒĺƑՊ|ՊHybridization effects on sheѴѴ morphoѴogy

In order to identify sheѴѴ morphoѴogicaѴ features that differ the most 
between the two species and examine whether genetic hybrids exŊ
hibited intermediate sheѴѴ morphoѴogyķ we performed a DFA on shape 
using the R package MASS vƕĺƒĺƔƏĺ The DFA was constructed using indiŊ
viduaѴs from reference aѴѴopatric popuѴations of both species ŐN Ʒ ƑѶƑőķ 
incѴuding aѴѴ L. fabalis ecotypesķ aiming to capture as much morphoŊ
ѴogicaѴ variation as possibѴeĺ The Pp of assignment of each individuaѴ to 
each species based on sheѴѴ shape was estimated using a ѴeaveŊoneŊout 
crossŊvaѴidation procedureĺ Based on this discriminant functionķ we 
then inferred the morphoѴogicaѴ Pp of each individuaѴ from the remainŊ
ing popuѴations Őfrom sympatric siteső and for which a genetic assignŊ
ment was avaiѴabѴe ŐN Ʒ ƒƒƖőķ in order to compare the morphoѴogicaѴ 
predicted shapes with the genetic membership coefficients obtained 
with STRUCTURE ŐgѴobaѴ anaѴysisķ totaѴ N Ʒ ƔƔѵĸ see beѴowőĺ

ƑĺƒĺƒՊ|ՊSpecies differences in sheѴѴ morphoѴogy 
across different geographic contexts

To examine how the contact between species may infѴuence sheѴѴ 
shape and size irrespective of hybridizationķ we compared the overŊ
aѴѴ differences between the two species in distinct geographic conŊ
texts ŐaѴѴopatry vsĺ sympatryőĺ As we were interested in examining 
morphoѴogicaѴ variation of the geneticaѴѴy pure individuaѴs of each 
speciesķ sampѴes for which no genetic information was avaiѴabѴe and 
those geneticaѴѴy cѴassified as hybrids in the gѴobaѴ STRUCTURE anaѴyŊ
sis were removed from the datasetĺ This resuѴted in a new subset 

F I G U R E  Ƒ Պ Geometric morphometric ŐGMő anaѴysis of the sheѴѴĺ Őaő Landmarks ŐLMő digitized in specimens of Littorina obtusata ŐѴeftő and 
Littorina fabalis ŐFI ecotypeĸ rightőķ pѴaced in the standard positionĺ LMƐŋLMƓ represent fixed LMsķ whereas aѴѴ the other points represent 
semiѴandmarksĺ Őbŋeő ResuѴts for the characterization of shape and size for the aѴѴopatric reference popuѴationsĺ Őbő Mean ѴogŌcentroid size 
ŐCSő ordered by species and ecotypes ŐverticaѴ bars denote ƖƔѷ confidence intervaѴsőĺ PopuѴation codes are described in TabѴe Ɛĺ Őcő PѴot of 
the two first principaѴ components ŐPCƐ and PCƑő of shape variation and deformation grids at maximum and minimum PCƐ vaѴues compared 
to the gѴobaѴ meanĺ Ődķ eő Deformation grids depicting the mean shapes for each species and ecotypeķ respectiveѴyĺ Mean shapes were 
magnified ƑƵ to enhance visuaѴization
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of ƔƓƏ individuaѴsĹ ƐƐƕ L. fabalis and ƐƏƏ L. obtusata from aѴѴopatric 
popuѴations and ƐѶƒ L. fabalis and ƐƓƏ L. obtusata from sympatric 
popuѴationsĺ A GLM anaѴysis was impѴemented to examine how sheѴѴ 
morphoѴogy responds to species sympatryĺ We sequentiaѴѴy exŊ
amined sheѴѴ sizeķ shapeķ and shape whiѴe taking size variation into 
account and fitted GLMs that incѴuded geographicaѴ context and 
speciesķ as weѴѴ as their interactionĺ As in previous anaѴysesķ we aѴso 
incѴuded sampѴing Ѵocation as a nested factor to account for ѴocaѴ 
variation among popuѴationsĺ

ƑĺƓՊ|ՊMoѴecuѴar methods

The genetic characterization of the individuaѴs coѴѴected during 
this study was based on two types of markersĹ microsateѴѴites and 
mtDNAĺ WhiѴe microsateѴѴites were shown to distinguish the two 
species and identify recentŊgeneration hybrids ŐCarvaѴho et aѴĺķ 

ƑƏƐƔķ ƑƏƐѵőķ mtDNA demonstrated introgressive hybridization beŊ
tween fѴat periwinkѴes ŐKemppainen et aѴĺķ ƑƏƏƖĸ SoteѴo et aѴĺķ ƑƏƑƏőĺ

ƑĺƓĺƐՊ|ՊDNA extraction

Genomic DNA was extracted from headŋfoot tissue using a modiŊ
fied version of the standard highŊsaѴt protocoѴ ŐSambrookķ Maniatisķ 
ş Fritschķ ƐƖѶƖőķ by repѴacing the Ѵysis buffer by cetyѴtrimethyѴ ammoŊ
nium bromide ŐWinnepenninckxķ BackeѴjauķ ş Wachterķ ƐƖƖƒőĺ The finaѴ 
DNA concentration was standardized across sampѴes ŐŜƔ to ƐƏ ngņμѴőĺ

ƑĺƓĺƑՊ|ՊMicrosateѴѴite genotyping

From the battery of Ɛƕ microsateѴѴite Ѵoci deveѴoped for L. fa-

balis ŐCarvaѴho et aѴĺķ ƑƏƐƔőķ ƐƑ markers Őfour of each diŊķ triŊķ and 

TA B L E  Ƒ Պ SampѴe size ŐNő and composition of each Ѵocation in terms of sexĹ N ♀ķ number of femaѴesĸ N ᄝķ number of maѴes and their 
corresponding species based on maѴe genitaѴia using the visuaѴ appearance and the discriminant function anaѴysis ŐDFAőĸ N Intermediateķ 
number of maѴes with intermediate genitaѴia morphoѴogyĸ and N Unknownķ number of maѴes for which cѴassification was not possibѴe

Location N N ᄛ N ᄝ

Visual appearance DFA assignment

N ᄝ  

Littorina fabalis

N ᄝ  

Littorina obtusata

N 

Intermediate

N 

Unknown
N ᄝ  

L. fabalis

N ᄝ 

L. obtusata

N 

Intermediate

BureѴa 40 16 18 17 1   14 0 1

Mor࢙s 15 6 9 0 9   0 7 1

AbeѴѴeira 84 46 38 36 2   � � �

Muros North 40 25 15 13 2   � � �

Muros South 25 13 12 12 0   � � �

Lanzada North 95 67 28 14 14   13 14 0

Lanzada South 78 44 34 34 0   � � �

Seixiोos 79 46 33 18 14  1 5 2 1

AѴd࢙n North 46 22 24 0 22  2 0 22 0

AѴd࢙n South 20 9 11 7 4   6 4 0

Borna 66 26 40 29 11   10 10 2

Tir࢙n 147 73 74 73 1   8 1 0

Cangas 150 80 70 52 18   � � �

RedondeѴa 57 23 34 0 34   0 18 0

La Guia 62 25 37 23 14   11 14 0

AѴcabre 53 32 21 11 10   6 10 1

Canido 93 44 49 49 0   � � �

As Mariोas 74 42 32 32 0   � � �

Moug࢙s 24 12 12 12 0   � � �

Viana do CasteѴo 60 33 27 0 27   0 26 0

Rio de Moinhos 85 43 42 0 42   � � �

Pॕvoa de Varzim 63 40 23 23 0   � � �

MindeѴo 90 62 28 15 13   11 11 1

AgudeѴa 65 37 28 28 0   � � �

Cabo do Mundo 125 75 50 13 30 6 1 11 12 1

Leça da PaѴmeira 46 28 18 18 0   17 0 0

MadaѴena 49 38 11 11 0   7 0 0
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tetraŊnucѴeotides repeat motifső were seѴected based on their inforŊ
mativeness for species discriminationķ as weѴѴ as on their genotyping 
reѴiabiѴity after combining them into two muѴtipѴexes ŐAppendix SƑőĺ 
AmpѴification reactions were performed as in CarvaѴho et aѴĺ ŐƑƏƐѵő 

and run on a ABI ƒƕƒƏ sequencer ŐAppѴied Biosystemső at STABVIDAĺ 
Genotyping was carried out using PEAKSCANNER vƐĺƏ ŐAppѴied 
Biosystemső but Ѵater manuaѴѴy inspectedĺ To evaѴuate the consistency 
of the obtained genotypesķ at Ѵeast ƐƏѷ of the sampѴes were ampѴiŊ
fied and genotyped twiceĺ From the ƐķƏƔƖ sampѴes anaѴyzed in this 
studyķ ƒƓƓ ŐƒƑĺƔѷő had previousѴy been genotyped for microsateѴѴites 
by CarvaѴho et aѴĺ ŐƑƏƐѵĸ TabѴe Ɛőĺ To ruѴe out any potentiaѴ discrepanŊ
cies in aѴѴeѴe scoring between the two sampѴe setsķ new ampѴification 
and genotyping were performed for Ɣѷ of the sampѴes from CarvaѴho 
et aѴĺ ŐƑƏƐѵőĺ

ƑĺƓĺƒՊ|ՊMitochondriaѴ DNA 
amplification and sequencing

A fragment of the mitochondriaѴ gene cytochrome b ŐCyt-bő was 
ampѴified using the cytbFŊcytbR primer pair ŐPanova et aѴĺķ ƑƏƐƐőĺ 
AmpѴification was carried out as in SoteѴo et aѴĺķ ƑƏƑƏ and Sanger 
sequencing was performed at Macrogen Europe ŐAmsterdamķ The 
NetherѴandső using the forward primerĺ Chromatograms were visuŊ
aѴѴy inspected and sequences aѴigned using Sequencher ƓĺƐĺƓ ŐGene 
Codes Corporationőķ with subsequent trimming for equaѴ Ѵength 
ŐƔѵƖ bpő and manuaѴ correction of artifactsĺ From the ѶƐƖ sampѴes 
anaѴyzed in this studyķ ƐƐƕ ŐƐƓĺƒѷő had previousѴy been sequenced 
for this fragment by SoteѴo et aѴĺķ ƑƏƑƏ TabѴe Ɛőĺ

ƑĺƔՊ|ՊGenetic data anaѴyses

ƑĺƔĺƐՊ|ՊHybridization between L. fabalis and 

L. obtusata based on microsatellites

The extent and patterns of hybridization between these sister speŊ
cies were investigated with STRUCTURE vƑĺƒĺƓ ŐFaѴushķ Stephensķ 
ş Pritchardķ ƑƏƏƒķ ƑƏƏƕĸ Hubiszķ FaѴushķ Stephensķ ş Pritchardķ 
ƑƏƏƖĸ Pritchardķ Stephensķ ş DonneѴѴyķ ƑƏƏƏő and NEWHYBRIDS v1.1 

ŐAnderson ş Thompsonķ ƑƏƏƑő based on ƐƐ Ѵoci that passed quaѴŊ
ity controѴ fiѴters for HardyŋWeinberg and Ѵinkage disequiѴibria 
ŐAppendix SƑőĺ STRUCTURE runs were performed at two different 
scaѴesĹ gѴobaѴ and ѴocaѴĺ At the gѴobaѴ scaѴeķ the muѴtiѴocus genotypes 
of the entire dataset were given as input to STRUCTUREĺ The extent of 
hybridization was aѴso evaѴuated at a ѴocaѴ scaѴe sinceķ in ѴowŊdisperŊ
saѴ species Ѵike fѴat periwinkѴesķ hybridization wiѴѴ ѴikeѴy occur in an 
independent manner in each Ѵocationĺ AѴѴ STRUCTURE anaѴyses were 
based on five repѴicates with ƐķƏƏƏķƏƏƏ MCMC iterations after a 
burnŊin of ƐƏƏķƏƏƏ stepsķ and under an admixture modeѴ with inŊ
dependent aѴѴeѴe frequenciesķ setting k Ʒ Ƒĺ In order to define the 
threshoѴd of Q Őhereafter TQő used to cѴassify individuaѴs as pure or 
hybridķ we impѴemented a sѴightѴy modified version of the method 
from HasseѴman et aѴĺ ŐƑƏƐƓő that minimizes miscѴassifications based 
on simuѴations with HYBRIDLAB vƐĺƏ ŐNieѴsenķ Bachķ ş KotѴickiķ ƑƏƏѵĸ 
Appendix SƑőĺ

TA B L E  ƒ Պ GeneraѴ Ѵinear modeѴ anaѴysis ŐGLMső of morphoѴogicaѴ 
differences in terms of size and shapeķ as weѴѴ as shape accounting 
for the infѴuence of size ŐCSő

GLMs

 df SS Z p

Centroid Size

Littorina fabalis versus Littorina obtusata

Species 1 20.636 1.511 .009*

Location 7 2.182 6.460 .001*

ResiduaѴs 273 2.354   

TotaѴ 281 25.171   

L. fabalis ecotypes

Ecotype 2 0.747 0.139 .447

Location 3 0.952 3.736 .001*

ResiduaѴs 168 1.814   

TotaѴ 173 3.513   

Shape

L. fabalis versus L. obtusata

Species 1 0.757 2.700 .003*

Location 7 0.544 6.608 .001*

ResiduaѴs 273 2.414   

TotaѴ 281 3.715   

L. fabalis ecotypes

Ecotype 2 0.339 1.877 .030*

Location 3 0.105 2.863 .002*

ResiduaѴs 168 1.563   

TotaѴ 173 2.007   

Shape accounting for size

L. fabalis versus L. obtusata

CS 1 0.7830 6.054 .001*

Species 1 0.0334 ƴƏĺƕѶƑ .789

Location 7 0.5478 6.683 .001*

ResiduaѴs 272 2.3507   

TotaѴ 281 3.7148   

L. fabalis ecotypes

CS 1 0.0379 2.200 .014*

Ecotype 2 0.3968 2.604 .006*

Location 3 0.0673 2.039 .016*

ResiduaѴs 167 1.5052   

TotaѴ 173 2.0072   

Note: OnѴy individuaѴs from aѴѴopatric sites were incѴuded in this 
anaѴysisĺ
AbbreviationsĹ dfķ degrees of freedomĸ SSķ sums of squaresĸ Zķ ZŊscores; 

pķ pŊvaѴue ŐŖindicates significant vaѴuesőĺ 
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FinaѴѴyķ a more detaiѴed cѴassification of hybrids was performed 
with NEWHYBRIDSķ which retrieves a Pp of the membership of each 
individuaѴ to the different genotype cѴassesĹ Fķ parentaѴ L. fabalis; 

Oķ parentaѴ L. obtusataĸ FƐķ offspring of a cross between F and Oĸ 
FƑķ offspring of a cross between FƐsĸ BCFķ offspring of an FƐ backŊ
crossed with parentaѴ L. fabalisĸ and BCOķ offspring of an FƐ backŊ
crossed with parentaѴ L. obtusataĺ Taking into account the STRUCTURE 

resuѴtsķ NEWHYBRIDS anaѴyses were onѴy performed for the gѴobaѴ 
dataset without a priori information on aѴѴeѴe frequencies or admixŊ
ture proportionsĺ We used a ľJeffreyŝsŊѴikeĿ priorķ which considers 
that some aѴѴeѴes may be rare or absent in the different popuѴations 
and so more accurateѴy determines the assignment of hybrid individŊ
uaѴs to their respective categories ŐAndersonķ ƑƏƏƒőĺ To assess the 
consistency of estimatesķ three repѴicates of ƐķƏƏƏķƏƏƏ MCMC iterŊ
ationsķ after a burnŊin of ƐƏƏķƏƏƏķ were performedĺ A procedure to 
estimate the threshoѴd of Pp (TPpő for the cѴassification of individuaѴs 

as pure or hybridķ simiѴar to the one appѴied for TQ (STRUCTUREőķ was 
impѴemented ŐAppendix SƑőĺ

ƑĺƔĺƑՊ|ՊMtDNA introgression

The number of hapѴotypes was assessed using DNASP vѵĺƐƐĺƏƐ 
ŐRozas et aѴĺķ ƑƏƐƕőĺ The reѴationships between hapѴotypes were 
inspected by constructing a network using TCS vƐĺƑƐ ŐCѴementķ 
Posadaķ ş CrandaѴѴķ ƑƏƏƏő under defauѴt parameters ŐƖƔѷ conŊ
nection Ѵimit criterionőķ which was Ѵater edited with TcsBU ŐSantos 
et aѴĺķ ƑƏƐѵőĺ MtDNA introgression ŐgѴobaѴѴy and for each sampѴing 
siteő was estimated as the proportion of individuaѴs from each 
genotypic group defined by the gѴobaѴ STRUCTURE anaѴysis ŐL. fa-

balis and L. obtusataő carrying a mtDNA hapѴotype from the Ѵess 
frequent cѴade in that groupĺ The percentage of hapѴotypes from 

F I G U R E  ƒ Պ Posterior probabiѴity ŐPpő 
distribution of morphoѴogicaѴ assignments 
based on the discriminant function 
anaѴysis ŐDFAő constructed from aѴѴopatric 
popuѴations Őtopő and used to cѴassify 
individuaѴs from sympatric popuѴations 
Őbottomőĺ In both graphsķ Pp vaѴues 
represent assignment probabiѴity to 
Littorina fabalis

Posterior probability based on shell shape
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each cѴade was aѴso estimated for each hybrid category defined 
by NEWHYBRIDS.

ƒՊ |ՊRESULTS

ƒĺƐՊ|ՊCѴassification of maѴes based on genitaѴ 
morphology

The maѴes anaѴyzed both in terms of visuaѴ appearance and using 
the DFA Őbased on seven morphoѴogicaѴ featuresķ with a Pp ƻ ĺƖƖő 
were cѴassified into species with high concordance ŐƖƓĺƒѷķ excѴudŊ
ing ѵѶ individuaѴs from aѴѴopatric sites used as referenceĸ TabѴe Ƒőĺ 
The differences correspond to individuaѴs cѴassified as intermeŊ
diate using one approach and as pure of one species using the 
other approach and with a singѴe exception were aѴѴ observed in 
sympatric sitesĺ The discriminant axis contrasted the Ѵength of the 
fiѴament to the Ѵength of the gѴand rowķ the number of rowsķ and 
the number of gѴands ŐAppendix SƐőĺ Since the number of sampѴes 

visuaѴѴy cѴassified was much higher than those avaiѴabѴe for the 
DFAķ for which onѴy intact penis couѴd be usedķ the former was 
used in subsequent anaѴysesĺ

ƒĺƐĺƐՊ|ՊVariation in sheѴѴ morphoѴogy

The GM anaѴysis provided ƔƑ shape variabѴes pѴus CSĺ The two speŊ
cies differed significantѴy ŐZ Ʒ ƐĺƔƐƐķ p Ʒ ĺƏƏƖő in terms of sizeķ with 
L. obtusata being Ѵarger than L. fabalis ŐFigure Ƒbķ TabѴe ƒőķ despite 
significant variation among Ѵocations ŐZ Ʒ ѵĺƓѵƏķ p Ʒ ĺƏƏƐőĺ Within 
L. fabalisķ significant variation in CS was observed among sampѴing 
Ѵocations ŐZ Ʒ ƒĺƕƒѵķ p Ʒ ĺƏƏƐőķ but no significant differences were 
observed among ecotypes ŐTabѴe ƒőĺ The PCA of shape variabѴes reŊ
trieved two components that cumuѴativeѴy expѴained over ƕƔѷ of 
totaѴ shape variation ŐFigure Ƒcőĺ The two sister species occupy difŊ
ferent parts of this morphospace despite some overѴapķ whiѴe the 
distinction among L. fabalis ecotypes was Ѵess evidentķ as expectedĺ 
AccordingѴyķ GLMs reveaѴed significant shape differences both 

Location N GM
GM ƾ ĺƖƏ 
Littorina fabalis

GM ƾ ĺƖƏ  
Littorina obtusata Intermediate shape

BureѴa 20 18 1 1

AbeѴѴeira 31 13 11 7

Muros North 14 7 5 2

Muros Southa 19 18 0 1

Lanzada North 30 3 22 5

Lanzada Southa 34 32 0 2

Seixiोos 38 23 7 8

AѴd࢙n North 23 4 7 12

AѴd࢙n South 8 2 5 1

Borna 24 6 13 5

Tir࢙n 36 30 3 3

Cangas 49 17 24 8

RedondeѴaa 36 0 35 1

La Guia 32 5 22 5

AѴcabre 29 2 23 4

Canidoa 34 34 0 0

Viana do CasteѴoa 36 0 36 0

Rio de Moinhosa 36 0 33 3

Pॕvoa de Varzima 28 28 0 0

MindeѴo 47 33 14 0

AgudeѴaa 26 26 0 0

Cabo do Mundo 39 28 8 3

Leça da PaѴmeiraa 33 32 0 1

TotaѴ 702 361 269 72

Note: N GMķ totaѴ number of individuaѴs anaѴyzedĸ GM ƾ ĺƖƏķ number of individuaѴs with a posterior 
probabiѴity equaѴ to or higher than ĺƖƏ to either speciesĸ Intermediate shapeķ number of individuaѴs 
not cѴassified to species Őposterior probabiѴity beѴow ĺƖƏ to both of themőĺ
aAѴѴopatric sites were anaѴyzed separateѴy from the sympatric ones Ősee Section Ƒőĺ 

TA B L E  Ɠ Պ CѴassification of individuaѴs 
for each Ѵocation based on a geometric 
morphometric ŐGMő anaѴysis of the sheѴѴ



ՊՍ Պ | ՊƐƐѵƖCOSTA ET AL.

between species and among ecotypes of L. fabalisķ despite signifiŊ
cant ѴocaѴ variation ŐTabѴe ƒőĺ Differences in shape among Ѵocations 
and ecotypes of L. fabalis were aѴso significant irrespective of size 
variation ŐZ Ʒ ƑĺƏƒƖķ p Ʒ ĺƏƐѵĸ and Z Ʒ ƑĺѵƏƓķ p Ʒ ĺƏƏѵķ respectiveѴyőķ 
but this was not the case between species ŐTabѴe ƒőĺ Indeedķ ѴocaŊ
tion was the factor with the strongest effect on shape variationķ foѴŊ
Ѵowed by species and then ecotype Őas captured by ZŊscoresķ CoѴѴyer 
ş Adamsķ ƑƏƐƒĸ CoѴѴyerķ Sekoraķ ş Adamsķ ƑƏƐƔőĺ The examination 
of deformation grids indicated that the sheѴѴ of L. obtusata is overaѴѴ 
more eѴongated and tends to have a reѴativeѴy smaѴѴer aperture than 
L. fabalisķ which tends to have a sheѴѴ with rounder shape and wider 
aperture ŐFigure Ƒdőĺ AѴthough Ѵess pronouncedķ differences among 
ecotypes of L. fabalis incѴuded a reduction of the suture border and 
a widening of the aperture in the FI ecotypeķ whiѴe the ZS ecotype 
exhibited the opposite tendencyķ resembѴing the shape of L. obtusata 

ŐFigure Ƒeőĺ

ƒĺƐĺƑՊ|ՊMorphological variation in allopatric versus 

sympatric populations

The DFA of aѴѴopatric popuѴations rendered a high percentage 
ŐƖƕĺƒƔѷő of correct assignments of reference individuaѴs to speŊ
cies ŐƑƕƓ out of ƑѶƑő based soѴeѴy on sheѴѴ shape morphoѴogyĺ By 
contrastķ the percentage of individuaѴs confidentѴy assigned to each 
species Őiĺeĺķ with a Pp ƾ ĺƖƏő was Ѵower for the sympatric popuѴaŊ
tions ŐƒƔѵ out of ƓƑƏ individuaѴsķ ѶƓĺѶѷőķ where ѵƓ individuaѴs with 
intermediate sheѴѴ morphoѴogies were identified ŐFigure ƒķ TabѴe Ɠőĺ

After excѴuding hybridsķ and despite significant ѴocaѴ variation 
as represented by sampѴing Ѵocationķ species and geographic conŊ
text Őiĺeĺķ aѴѴopatric vsĺ sympatricő interacted significantѴy in their 
effect on size ŐZ Ʒ ƐĺƔƕƑķ p Ʒ ĺƏƏƔőķ but not on shape ŐFigure Ɠķ 
TabѴe Ɣőĺ Species and geographic context aѴso did not interact sigŊ
nificantѴy when taking size variation into account ŐTabѴe Ɣőĺ The 

examination of CS variation across Ѵocations indicated that the 
two species tend to be more simiѴar in size in sympatryķ as L. ob-

tusata becomes sѴightѴy smaѴѴer and L. fabalis sѴightѴy Ѵarger than in 
aѴѴopatry ŐFigure Ɠőĺ

ƒĺƐĺƒՊ|ՊCѴassification of individuaѴs using 
genetics and assessment of hybridization

The initiaѴ STRUCTURE anaѴysis reveaѴed a cѴear distinction between the 
two species ŐFigure Ɣőĺ For the gѴobaѴŊscaѴe anaѴysisķ the threshoѴd 
of Q (TQő that minimized the number of miscѴassifications between 
hybrid and pure individuaѴs corresponded to ƏĺƖƏķ with ƖƕĺƕƔѷ of 
simuѴated genotypes being correctѴy cѴassified as pure or admixed 
ŐAppendix Sƒőĺ At the ѴocaѴ scaѴeķ TQ vaѴues ranged from ƏĺѶѶ in 
Moug࢙s Ƴ RedondeѴa and AbeѴѴeira Ƴ Muros North to ƏĺƖƓ in Cabo 
do Mundo and Lanzada North ŐAppendix SƓőĺ

The STRUCTURE gѴobaѴ anaѴysis of the empiricaѴ dataset reveaѴed 
ѵƐ hybrids distributed over seven Ѵocationsķ with hybridization 
ranging from ƑĺƐѷ in La Guia to ƓѵĺƖѷ in Cabo do Mundo ŐTabѴe ѵőĺ 
The ѴocaѴ anaѴyses reveaѴed a Ѵower number of Ѵocations with hyŊ
brids Őthreeő but a higher proportion of hybrids within Cabo do 
Mundo ŐƔѵĺѶѷĸ TabѴe ѵőĺ ImportantѴyķ hybrids were consistentѴy 
found in Moug࢙sķ MindeѴoķ and Cabo do Mundoķ independentѴy 
of the scaѴeĺ

The NEWHYBRIDS anaѴyses reveaѴed a simiѴar patternķ assigning 
most simuѴated genotypes to their predefined cѴassķ andķ more imŊ
portantѴyķ no parentaѴ genotypes were assigned to hybrid cѴassesĺ 
The threshoѴd of posterior probabiѴity ŐTPp Ʒ ĺѶƏő aѴѴowed the correct 
cѴassification of over ѶƔѷ of individuaѴsķ with Ѵow underѴying error 
rate ŐƏĺƓѷőĺ Based on this threshoѴdķ ƖƕĺƔѷ of simuѴated L. obtusataķ 
ƖѶѷ of simuѴated L. fabalisķ and Ѷƒĺƒѷ of hybrid genotypes were 
correctѴy assignedķ with ƕѶѷ of hybrid genotypes assigned to the 
correct hybrid cѴassĺ

F I G U R E  Ɠ Պ SheѴѴ size of Littorina obtusata and Littorina fabalis aѴѴopatric and sympatric popuѴations represented by mean centroid size ŐCSőķ 
with verticaѴ bars denoting ƖƔѷ confidence intervaѴsĺ PopuѴation codes are described in TabѴe Ɛ
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Our simuѴations show that under the current settings both STRUC-

TURE and NEWHYBRIDS erroneousѴy assigned more hybrid genotypes as 
pure than vice versaķ suggesting that our estimates of the number of 
hybrids are conservativeĺ

Concerning the reaѴ datasetķ ƐķƏƐƑ from the ƐķƏƔƖ anaѴyzed indiŊ
viduaѴs were unambiguousѴy assigned to genotype cѴassesķ whereas 
the remaining individuaѴs ŐƓѷ of the totaѴő couѴd not be assigned with 
confidence to any of the six cѴasses ŐPp ƾ ĺѶƏőĺ Among the confidentѴy 
assigned individuaѴsķ onѴy ƒƑ were cѴassified as hybrids by NEWHYBRIDSķ 
distributed over three Ѵocations ŐTabѴe ѵőĺ No individuaѴ was cѴassiŊ
fied as FƐĺ Both hybrids from Moug࢙s were cѴassified as FƑ and the 
three hybrids from MindeѴo as BCOĺ Most of the hybrids detected 
in Cabo do Mundo were cѴassified as BCO ŐƐѶ individuaѴsőķ whiѴe six 
were cѴassified as BCF and three as FƑ hybridsĺ FinaѴѴyķ among the 
Ɛƕ individuaѴs from Cabo do Mundo assigned to a hybrid cѴass with 
Pp ƺ ĺѶƏķ five had highest probabiѴity of assignment to BCOķ five to 
BCFķ three to FƑķ and four to FƐĺ AdditionaѴѴyķ one individuaѴ from 
Lanzada North was assigned to BCF with Pp ƺ ĺѶƏķ making a totaѴ of 

ƔƏ hybrids over aѴѴ Ѵocationsĺ Comparing the two approaches ŐgѴobaѴ 
STRUCTURE and NEWHYBRIDSő for hybrid identificationķ the same two inŊ
dividuaѴs from MindeѴoķ two from Moug࢙sķ and Ɠƒ individuaѴs from 
Cabo do Mundo were aѴways detected as hybridsķ independentѴy of 
the approach usedĺ

Two main cѴades of mtDNA hapѴotypes were identified ŐFigure ѵőĺ 
From a totaѴ of ƕѵƑ sequenced individuaѴs that were aѴso anaѴyzed 
for microsateѴѴitesķ ƓƑƒ carried hapѴotypes from cѴade I ŐtypicaѴ of 
L. fabaliső and ƒƒƖ presented hapѴotypes from cѴade II ŐtypicaѴ of L. 

obtusataő ŐTabѴe ƕőĺ The totaѴ proportion of L. obtusata-typicaѴ hapŊ
Ѵotypes present in L. fabalis individuaѴs was sѴightѴy higher than the 
other way around ŐƐѶĺƔѷ and ƐѵĺƑѷķ respectiveѴyőĺ Howeverķ the 
proportion of atypicaѴ hapѴotypes was very heterogeneous among 
sites ŐTabѴe ƕőĺ Thirteen out of the ƑƑ L. fabalis sites sequenced for 
mtDNA showed typicaѴ L. obtusata hapѴotypesķ with the proportion 
varying between ƕĺƐѷ ŐAѴcabreő and ƖƐĺƕѷ ŐAѴd࢙n Southőĺ Among L. 

obtusata sitesķ eight out of Ɛƕ showed typicaѴ L. fabalis hapѴotypesķ 
with the proportion varying from ƐƓĺƒѷ ŐAѴcabreő to ƐƏƏѷ ŐBureѴaĸ 
TabѴe ƕőĺ FinaѴѴyķ the proportion of sites with atypicaѴ hapѴotypes in 
either species was higher in sympatric than aѴѴopatric sites ŐѶƓĺѵѷ 
vsĺ ƒƏĺѶѷőĺ

Among the individuaѴs cѴassified as hybrids using STRUCTURE 

that were aѴso sequenced for mtDNA ŐN Ʒ Ɣƕőķ ƕƕĺƑѷ carried a 
typicaѴ L. obtusata hapѴotype ŐcѴade IIő ŐTabѴe Ѷķ Figure ѵőķ whereas 
the remainder carried a typicaѴ L. fabalis hapѴotypeĺ NevertheѴessķ 
these proportions are mainѴy driven by Cabo do Mundoķ where 
most hybrids were detectedĺ AѴѴ detected hybrid cѴasses showed 
a higher percentage of L. obtusata mtDNA hapѴotypes ŐѶƐĺƔѷ in 
totaѴĸ TabѴe Ѷőĺ

ƒĺƐĺƓՊ|ՊComparison of cѴassification based on 
genetics, male genitalia, and shell morphology

None of the individuaѴs assigned to one species by the STRUCTURE 

anaѴysis was cѴassified into the other species by either approach 
based on the genitaѴ morphoѴogy ŐN Ʒ ƔѵƔķ ƒƒƕ L. fabalis and ƑƑѶ 
L. obtusataőĺ The converse was aѴso trueĹ genitaѴ cѴassification to paŊ
rentaѴ groups was ƐƏƏѷ congruent with STRUCTUREŊbased cѴassificaŊ
tionĺ Howeverķ onѴy five individuaѴs were simuѴtaneousѴy cѴassified as 
intermediate based on maѴe genitaѴia ŐvisuaѴ inspection or DFAő and 
genetics ŐmicrosateѴѴiteső out of ƒƐ individuaѴs that were intermediŊ
ate in one cѴassification or the otherĺ

The concordance was Ѵower for individuaѴs anaѴyzed for both 
sheѴѴ morphoѴogy and microsateѴѴites ŐN Ʒ ƔƔѵőķ where onѴy ƓƑƓ 
out of the ƔƓƏ geneticaѴѴy pure individuaѴs ŐƕƖѷ of L. fabalis and 
ƕƕĺƖѷ of L. obtusataő were morphoѴogicaѴѴy assigned to their corŊ
responding species with Pp ƾ ĺƖƏ ŐTabѴe Ɩőĺ SeveraѴ geneticaѴѴy 
pure individuaѴs ŐN Ʒ ѵƐő exhibited intermediate sheѴѴ shape 
ŐTabѴe Ɩőķ most of them ŐN Ʒ Ɣƒő were from sympatric sitesĺ In 
contrastķ none of the geneticaѴѴy identified hybrids that were aѴso 
morphoѴogicaѴѴy anaѴyzed ŐN Ʒ Ɛѵő presented intermediate sheѴѴ 
shapeĺ

TA B L E  Ɣ Պ GeneraѴ Ѵinear modeѴ anaѴysis ŐGLMső of shape and 
size variation between species taking into account the effect of the 
geographicaѴ context of divergence ŐGeogő and sampѴe Ѵocation as a 
nested factor

GLMs

 df SS Z p

Centroid Size

Species 1 24.215 2.111 .001*

Geog 1 0.070 0.169 .505

SpeciesĹGeog 1 1.787 1.572 .005*

Location 20 2.791 7.696 .001*

ResiduaѴs 516 5.307   

TotaѴ 539 34.171   

Shape

Species 1 0.931 3.156 .001*

Geog 1 0.211 1.382 .091

SpeciesĹGeog 1 0.092 0.401 .340

Location 20 1.691 11.199 .001*

ResiduaѴs 516 4.251   

TotaѴ 539 7.176   

Shape accounting for size

CS 1 0.914 6.221 .001*

Species 1 0.170 1.200 .130

Geog 1 0.221 1.440 .084

SpeciesĹGeog 1 0.041 ƴƏĺƔѶƏ .718

Location 20 1.682 11.074 .001*

ResiduaѴs 515 4.148   

TotaѴ 539 7.176   

Note: IndividuaѴs geneticaѴѴy cѴassified as hybrids were excѴuded from 
this anaѴysisĺ
AbbreviationsĹ dfķ degrees of freedomĸ SSķ sums of squaresĸ Zķ ZŊscoresĸ 
pķ pŊvaѴue ŐŖindicates significant vaѴuesőĺ
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ƓՊ |ՊDISCUSSION

Characterizing the patterns of hybridization between cѴoseѴy reŊ
Ѵated species pairs is an important step toward understanding the 
roѴe of gene fѴow in speciation ŐAbbott et aѴĺķ ƑƏƐƒőĺ Introgressive 
hybridization between fѴat periwinkѴes was previousѴy suggested 
based on mtDNA anaѴyses ŐKemppainen et aѴĺķ ƑƏƏƖőķ together 
with the detection of hybrids between the two species in Cabo 
do Mundo using microsateѴѴites ŐCarvaѴho et aѴĺķ ƑƏƐѵőĺ Howeverķ 
no systematic characterization of hybridization across muѴtipѴe 
popuѴations in different geographic contexts has been performedĺ 
Thereforeķ this study has advanced our understanding about the 
roѴe of gene fѴow in this system byĹ Őaő integrating genetic anaѴyses 
Őboth nucѴear and mitochondriaѴ markerső with geometric and ѴinŊ
ear morphometric tooѴs to characterize sheѴѴ and maѴe genitaѴ morŊ
phoѴogyķ respectiveѴyĸ Őbő substantiaѴѴy extending both the number 
of individuaѴs and of popuѴations anaѴyzedķ from both speciesķ 
providing a comprehensive characterization of hybridization patŊ
terns between two species of fѴat periwinkѴes across Ƒƕ Ѵocations 
in northŊwestern Iberiaĸ Őcő performing a systematic comparison of 
hybridization patterns between aѴѴopatric and sympatric sitesĸ and 
Ődő examining the contributions of L. fabalis ecotypes to hybridizaŊ
tion between the two sister speciesĺ

ƓĺƐՊ|ՊMorphoѴogicaѴ and genetic differences and 
hybrid identification

The concordance found between genetic data and aduѴt maѴesĽ geniŊ
taѴ shape confirms that the Ѵatter is a reѴiabѴe trait to distinguish the 
two speciesĺ On the other handķ the ѴandmarkŊbased GM anaѴysis 
of the sheѴѴ was Ѵess reѴiabѴeķ especiaѴѴy when comparing individuŊ
aѴs from sympatric sitesĺ Furthermoreķ neither sheѴѴ shape nor maѴe 
genitaѴia traits aѴѴowed for an accurate identification of hybrids beŊ
tween speciesĺ

The microsateѴѴite paneѴ was powerfuѴ not onѴy to cѴassify indiŊ
viduaѴs correctѴy into species ŐƻƖƕĺƔѷ of the simuѴated genotypes 
to each parentaѴ groupő but aѴso to identify hybrids Őfrom ѶƔѷ to 
ƖƕĺѶѷ using NEWHYBRIDS and STRUCTUREķ respectiveѴyőĺ AѴthough there 
was a Ѵower percentage of hybrid genotypes correctѴy assigned to 
a specific hybrid cѴass ŐƕѶѷőķ this was based on ƐƐ Ѵociĺ The use of 
additionaѴ markers wiѴѴ certainѴy increase the statisticaѴ power to disŊ
tinguish among different hybrid categoriesĺ

The two main mtDNA cѴades support two divergent Ѵineages that 
ѴargeѴy correspond to the two species of fѴat periwinkѴesĺ Howeverķ 
shared hapѴotypes between the two species were observed in subŊ
stantiaѴ proportionsķ as previousѴy shown by Kemppainen et aѴĺ 
ŐƑƏƏƖőĺ AѴthough shared hapѴotypes between species couѴd resuѴt 

F I G U R E  Ɣ Պ Membership coefficient ŐQ ranging from Ə to Ɛő of aѴѴ genotyped individuaѴs to the cѴusters identified by the initiaѴ STRUCTURE 

anaѴysis for k Ʒ Ƒĺ Each verticaѴ bar represents an individuaѴķ where typicaѴ Littorina fabalis ancestry is represented in yeѴѴow and typicaѴ 
Littorina obtusata ancestry in bѴueĺ VerticaѴ bars with both yeѴѴow and bѴue represent individuaѴs with admixed ancestryĺ On topķ Ѵocation 
names foѴѴow TabѴe Ɛ and ľŖĿ indicates aѴѴopatric Ѵocationsĺ ResuѴts are consistent across repѴicates
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from incompѴete Ѵineage sortingķ introgressive hybridization is supŊ
ported by three main Ѵines of evidenceĹ Őaő hybrids between the two 
species were detectedķ incѴuding FƑs and backcrossed individuaѴs 
Őthis study and CarvaѴho et aѴĺķ ƑƏƐѵőķ suggesting not onѴy that hyŊ
bridization is possibѴe but aѴso that at Ѵeast some FƐs are viabѴe and 
fertiѴeĸ Őbő a modeѴ of divergence with gene fѴow for this system has 
a better fit than a modeѴ without gene fѴow ŐSoteѴo et aѴĺķ ƑƏƑƏőĸ and 
Őcő in contrast with mtDNAķ sequences from two nucѴear fragments 
showed no shared hapѴotypes between the two species Őexcept in 
Cabo do Mundoő ŐSoteѴo et aѴĺķ ƑƏƑƏőķ suggesting that incompѴete 

Ѵineage sorting is unѴikeѴy to expѴain the observed patterns in mtDNA 
versus nucѴear genesĺ

ƓĺƑՊ|ՊExtent and patterns of hybridization

The number of Ѵocations where hybrids were detected using microŊ
sateѴѴites varied between three and seven Ődepending on the apŊ
proachőķ with the majority of hybrids found to be BCOķ foѴѴowed by 
BCF and FƑsĺ AѴthough no signatures of hybridization were found in 

TA B L E  ѵ Պ Number of hybrids between Littorina fabalis and Littorina obtusata detected across Ѵocations using STRUCTURE ŐѴeftő and NEWHYBRIDS 

Őrightő

Location N Analyzed

STRUCTURE NEWHYBRIDS

Global analysis Local analyses N Assigned

Hybrids in each 

hybrid class Hybrid class

N (%) N (%) (Pp ƾ ĺѶƏő N (%) (N)

BureѴa 15 0 0 15 0  

Mor࢙s 9 0 0 8 0  

AbeѴѴeira 24 Ɛ ŐƓĺƐƕő 0 23 0  

Muros North 40 0 0 38 0  

Muros South 24 0 0 24 0  

Lanzada North 44 0 0 43 0  

Lanzada South 23 0 0 23 0  

Seixiोos 77 Ƒ ŐƑĺѵƏő 0 74 0  

AѴd࢙n North 40 Ɛ ŐƑĺƔƏő 0 40 0  

AѴd࢙n South 20 0 0 20 0  

Borna 42 0 0 41 0  

Tir࢙n 49 0 0 49 0  

Cangas 55 0 0 54 0  

RedondeѴa 40 0 0 37 0  

La Guia 47 Ɛ ŐƑĺƐƒő 0 47 0  

AѴcabre 42 0 0 42 0  

Canido 24 0 0 24 0  

As Mariोas 24 0 0 24 0  

Moug࢙s 24 Ƒ ŐѶĺƒƒő Ɛ ŐƓĺƐƕő 24 Ƒ ŐѶĺƒƒő FƑ ŐƑő

Viana do CasteѴo 39 0 0 39 0  

Rio de Moinhos 35 0 0 35 0  

Pॕvoa de Varzim 23 0 0 23 0  

MindeѴo 70 Ƒ ŐƑĺѶѵő Ƒ ŐƑĺѶѵő 70 ƒ ŐƓĺƑƖő BCO Őƒő

AgudeѴa 32 0 0 32 0  

Cabo do Mundo 111 ƔƑ ŐƓѵĺѶƔő ѵƒ ŐƔѵĺƕѵő 77 Ƒƕ ŐƒƔĺƏѵő FƑ Őƒőķ BCO ŐƐѶőķ BCF Őѵő

Leça da PaѴmeira 46 0 0 46 0  

MadaѴena 40 0 0 40 0  

TotaѴ ƐķƏƔƖ 61 66 ƐķƏƐƑ 32  

Note: N ŐAnaѴyzedő is the number of individuaѴs anaѴyzed with both softwareĺ For the GѴobaѴ anaѴysis ŐSTRUCTUREőķ the entire dataset was used as a 
singѴe inputĸ for the LocaѴ anaѴysesķ muѴtipѴe inputs were used Őby Ѵocation or joining cѴosest Ѵocations when requiredķ see Section Ƒőĺ For NEWHYBRIDSķ 
N Assignedķ number of individuaѴs anaѴyzed that were cѴassified to any cѴassĺ The cѴass of the identified hybrids is aѴso indicated by Ѵocationķ and the 
number of individuaѴs per cѴass is shown between brackets ŐFŌL. fabalisķ OŌL. obtusataķ FƐ and FƑ hybridsķ and backcrosses to each parentaѴ cѴassŌ
BCF and BCOőĺ The percentages were caѴcuѴated in respect to the sampѴe size ŐN AnaѴyzedő for each Ѵocationĺ
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most sitesķ this does not necessariѴy mean that the two species are 
compѴeteѴy reproductiveѴy isoѴated at those sitesĺ It is important to 
emphasize that even if hybrids represent around Ɣѷ of individuaѴs 
in a siteķ they couѴd have remained undetected with respect to our 
sampѴe sizesĺ NevertheѴessķ this wouѴd suggest that hybridization 
between these species is Ѵow in most sitesķ with the exception of 
Cabo do Mundo where the highest proportion of hybrids was found 
ŐƓѵĺƖѷŋƔѵĺѶѷőĺ SeveraѴ hypotheses may expѴain the high proportion 
of hybrids in Cabo do Mundoķ and differences among sites in generaѴķ 
such as marginaѴ environmentaѴ conditionsķ Ѵow density of snaiѴsķ and 
poѴѴution Ősee CarvaѴho et aѴĺķ ƑƏƐѵőĺ AѴternativeѴyķ the geographic 
variation in hybridization couѴd refѴect a snapshot of temporaѴ variŊ
ation within sitesĺ Howeverķ the exact causeŐső and frequency of hyŊ
bridization remain eѴusiveĺ

Our resuѴts concerning the L. fabalis ecotypes suggest that ecoŊ
ѴogicaѴ differences among sites do not have a major infѴuence on 
hybridization patternsĺ AѴthough it was not possibѴe to determine 
with high confidence the ecotype present in the site where a higher 
number of hybrids was detectedķ aѴѴ three ecotypes of L. fabalis were 

found to be invoѴved in hybridization with L. obtusata (STRUCTURE 

gѴobaѴ anaѴysis and mtDNAőĺ This suggests that hybridization occurs 
even in habitats where L. obtusata is Ѵess frequentķ Ѵike those typiŊ
caѴѴy occupied by the ME ecotypeĺ Furthermoreķ the proportion of 
hybrids invoѴving the same ecotype varies among sitesķ suggesting 
that other siteŊreѴated characteristics pѴay an important roѴe in deŊ
termining hybridizationĺ On the other handķ it is possibѴe that hyŊ
bridization in each site onѴy happens occasionaѴѴyĺ AѴthough hybrids 
were detected in Cabo do Mundo across three different yearsķ ѴongŊ
term monitoring is needed to evaѴuate the temporaѴ reguѴarity of 
hybridization eventsĺ

The proportion of sites with signatures of mtDNA introgression 
is much higher than those with evidence for earѴy generation hybrids 
using microsateѴѴitesĺ This suggests that hybridization couѴd have 
been more frequent in the pastķ prior to the evoѴution of muѴtipѴe reŊ
productive barriersķ incѴuding in currentѴy aѴѴopatric sitesĺ Howeverķ 
because mtDNA is unѴinked to seѴected nucѴear Ѵociķ we cannot exŊ
cѴude that mtDNA introgression can persist and spread over Ѵong 
periods of time without a recent overaѴѴ diminution of reproductive 
isoѴationĺ

Three Ѵines of evidence suggest that mtDNA introgression 
is asymmetric in IberiaĹ Őaő a higher proportion of L. fabalis popŊ
uѴations with signatures of introgression when compared with L. 

obtusata ŐƔƖѷ vsĺ Ɠƕѷőĸ Őbő a sѴightѴy higher overaѴѴ proportion of 
mtDNA introgression into L. fabalis than the other way around 
ŐƐѶĺƔѷ vsĺ ƐѵĺƑѷőĸ and Őcő individuaѴs from the different hybrid 
cѴasses show a higher proportion of typicaѴ L. obtusata over L. fab-

alis hapѴotypesĺ Howeverķ this asymmetry in Iberia is much weaker 
than the one observed in Northern Europeķ where the overaѴѴ proŊ
portion of mtDNA introgression into L. fabalis was ƒƔѷ versus ѵѷ 
into L. obtusata ŐSoteѴo et aѴĺķ ƑƏƑƏőĺ Asymmetric mtDNA introŊ
gression into L. fabalis is in Ѵine with previous work showing that 
maѴes of both species prefer Ѵarger femaѴes ŐSaѴtinķ ƑƏƐƒőķ which 
suggests that most successfuѴ interspecific crosses in Northern 
European sites preferentiaѴѴy invoѴve a L. obtusata femaѴe and a 
L. fabalis maѴeĺ Howeverķ different densities of one species reѴaŊ
tive to the other Őor of both specieső couѴd aѴso interfere with the 
choosiness in the fieѴd and partiaѴѴy expѴain differences in the diŊ
rection of introgression among sites ŐCarvaѴho et aѴĺķ ƑƏƐѵőĺ

ƓĺƒՊ|ՊComparison between aѴѴopatric and 
sympatric sites

The number of hybrids and introgressed individuaѴs was cѴearѴy 
higher in sympatric than aѴѴopatric Ѵocationsĺ This is true whether we 
consider microsateѴѴites or mtDNAĺ Concerning recent hybridization 
Őinferred based on microsateѴѴitesőķ there was one L. fabalis aѴѴopatŊ
ric site ŐMoug࢙ső where hybrids were identified ŐFƑőķ independentѴy 
of the methodĺ This suggests that either L. obtusata was present 
in that site untiѴ recentѴy or L. obtusata exists at adjacent sites that 
were not sampѴedĺ Despite being rareķ L. obtusata can sometimes 
be found on very exposed shores if protected by rocks from direct 
wave action Őas in Rio de Moinhosķ MindeѴoķ and Viana do CasteѴoőĺ 
One additionaѴ hybrid was detected in an aѴѴopatric L. obtusata site 
ŐAѴd࢙n Northőķ aѴthough its cѴassification was not consistent across 
the different approachesĺ Since our cѴassification of aѴѴopatric and 
sympatric sites is Ѵimited to a specific area and timeķ our resuѴts need 
to be interpreted with cautionĺ Howeverķ because onѴy one site cѴasŊ
sified as aѴѴopatric consistentѴy contained hybridsķ our cѴassification 
of sites was generaѴѴy reѴiabѴeĺ

IndividuaѴs with intermediate sheѴѴ shape and genitaѴ morphoѴogy 
were aѴso more common in sympatric sitesĺ Howeverķ the degree of 

F I G U R E  ѵ Պ Network of the mtDNA hapѴotypesķ buiѴt with TCS 
Őunder a ƖƔѷ connection Ѵimit criterionő and modified with TcsBUĺ 
BѴack dots represent missing hapѴotypesķ whereas Ѵines between 
dotsņcircѴes represent mutationsĺ IndividuaѴs were cѴassified as 
Littorina fabalisķ Littorina obtusataķ or hybrids based on the gѴobaѴ 
STRUCTURE anaѴysis of microsateѴѴite data

Clade I Clade II

L. obtusata

L. fabalis

Hybrid
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sheѴѴ shape differentiation between individuaѴs of the two species 
did not vary significantѴy depending on geographic context ŐsymŊ
patry vsĺ aѴѴopatryőĺ The generaѴ Ѵack of correspondence between 
morphoѴogicaѴ and genetic hybrids suggests that this intermediate 
sheѴѴ shape is not due to current hybridizationķ aѴthough we canŊ
not excѴude that ѴaterŊgeneration hybridsķ which are harder to deŊ
tect geneticaѴѴyķ couѴd have contributed to the observed patternĺ 
FinaѴѴyķ despite accounting for a smaѴѴer component of phenotypic 
variationķ sheѴѴ morphoѴogy in Littorininae is aѴso known to be someŊ
what pѴastic ŐHoѴѴander ş ButѴinķ ƑƏƐƏĸ HoѴѴanderķ CoѴѴyerķ Adamsķ 
ş Johannessonķ ƑƏƏѵĸ TrusseѴѴķ ƐƖƖѵķ ƐƖƖƕőĺ Thusķ phenotypic 

pѴasticity couѴd add difficuѴties in discriminating individuaѴs of each 
species from the same Ѵocation using sheѴѴ shapeĺ

SheѴѴ size differences between individuaѴs from the two species 
are smaѴѴer in sympatry than aѴѴopatryĺ We cannot fuѴѴy excѴude an 
ecotype effectķ as most aѴѴopatric popuѴations of L. fabalis beѴong 
to the ME ecotypeķ which tends to be smaѴѴer Őiĺeĺķ rendering Ѵarger 
size differences between speciesőĺ Howeverķ a simiѴar tendency was 
observed when onѴy the FI ecotype was consideredĺ Moreoverķ a 
trend for smaѴѴer size in sympatric popuѴations was observed for L. 

obtusataĺ AѴternativeѴyķ this pattern couѴd be expѴained by increased 
introgressive hybridization andņor more simiѴar environmentaѴ 

TA B L E  ƕ Պ MitochondriaѴ DNA introgression between fѴat periwinkѴes in each Ѵocation

Location Ecotype N

N 

Littorina fabalis

N 

Littorina obtusata Clade I Clade II

Introgression into 

L. fabalis (%)

Introgression into 

L. obtusata (%)

BureѴa MEņFIa 15 14 1 15 0 ƏņƐƓ ŐƏő ƐņƐ ŐƐƏƏő

Mor࢙s � 9 0 9 6 3 � ѵņƖ Őѵѵĺѵƕő

AbeѴѴeira FI 17 17 0 15 2 ƑņƐƕ ŐƐƐĺƕѵő �

Muros North FI 35 30 5 30 5 ƏņƒƏ ŐƏő ƏņƔ ŐƏő

Muros Southb FI 15 15 0 15 0 ƏņƐƔ ŐƏő �

Lanzada North ZS 39 19 20 9 30 ƐƏņƐƖ ŐƔƑĺѵƒő ƏņƑƏ ŐƏő

Lanzada Southb ZS 22 22 0 15 7 ƕņƑƑ ŐƒƐĺѶƑő �

Seixiोos ZS 49 25 24 13 36 ƐƑņƑƔ ŐƓѶĺƏƏő ƏņƑƓ ŐƏő

AѴd࢙n Northb � 19 0 19 0 19 � ƏņƐƖ ŐƏő

AѴd࢙n South FI 18 12 6 1 17 ƐƐņƐƑ ŐƖƐĺѵƕő Əņѵ ŐƏő

Borna FI 42 27 15 23 19 ƖņƑƕ Őƒƒĺƒƒő ƔņƐƔ Őƒƒĺƒƒő

Tir࢙n FI 40 39 1 35 5 ƓņƒƖ ŐƐƏĺƑѵő ƏņƐ ŐƏő

Cangas FI 41 22 19 27 14 ƓņƑƑ ŐƐѶĺƐѶő ƖņƐƖ ŐƓƕĺƒƕő

RedondeѴab � 23 0 23 5 18 � ƔņƑƒ ŐƑƐĺƕƓő

La Guia FI 36 13 23 20 16 ƑņƐƒ ŐƐƔĺƒѶő ƖņƑƒ ŐƒƖĺƐƒő

AѴcabre FI 35 14 21 16 19 ƐņƐƓ ŐƕĺƐƓő ƒņƑƐ ŐƐƓĺƑƖő

Canidob FI 21 21 0 21 0 ƏņƑƐ ŐƏő �

As Mariोasb ME 19 19 0 12 7 ƕņƐƖ ŐƒѵĺѶƓő �

Moug࢙sb ME 18 18 0 9 9 ƖņƐѶ ŐƔƏĺƏƏő �

Viana do CasteѴob � 20 0 20 0 20 � ƏņƑƏ ŐƏő

Rio de Moinhosb � 30 0 30 0 30 � ƏņƒƏ ŐƏő

Pॕvoa de Varzimb ME 21 21 0 21 0 ƏņƑƐ ŐƏő �

MindeѴo ME 66 34 32 34 32 ƏņƒƓ ŐƏő ƏņƒƑ ŐƏő

AgudeѴab ME 19 19 0 19 0 ƏņƐƖ ŐƏő �

Cabo do Mundo MEņFIa 54 19 35 23 31 ƕņƐƖ ŐƒѵĺѶƓő ƐƐņƒƔ ŐƒƐĺƓƒő

Leça da PaѴmeirab ME 23 23 0 23 0 ƏņƑƒ ŐƏő �

MadaѴenab ME 16 16 0 16 0 ƏņƐѵ ŐƏő �

TotaѴ  762 459 303 423 339 ѶƔņƓƔƖ ŐƐѶĺƔƐő ƓƖņƒƏƒ ŐƐѵĺƐƕő

AbbreviationsĹ Nķ number of sampѴes sequenced for mtDNAĸ N L. fabalisķ number of individuaѴs cѴassified as L. fabalis based on STRUCTURE gѴobaѴ 
anaѴysis that were sequenced for mtDNAĸ N L. obtusataķ number of individuaѴs cѴassified as L. obtusata based on STRUCTURE gѴobaѴ anaѴysis that were 
sequenced for mtDNAĸ CѴade Iķ number of individuaѴs with mtDNA hapѴotype from cѴade I ŐtypicaѴ of L. fabalisőĸ CѴade IIķ number of individuaѴs with 
mtDNA hapѴotype from cѴade II ŐtypicaѴ of L. obtusataőĸ introgression into L. fabalisķ number Őand percentageő of hapѴotypes from cѴade II over the 
number of individuaѴs cѴassified as L. fabalis based on STRUCTUREĸ and introgression into L. obtusataķ number Őand percentageő of hapѴotypes from cѴade I 
over the number of individuaѴs cѴassified as L. obtusata based on STRUCTURE.
aIndividuaѴs were found in Fucus sppĺ but the coŊoccurrence of Mastocarpus sppĺ does not aѴѴow an accurate cѴassification of the ecotypeĺ 
bAѴѴopatric sites based on fieѴd observations during sampѴingĺ 
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conditions in the sympatric geographic contextĺ Howeverķ these 
resuѴts need to be interpreted with cautionĺ Differences between 
Ѵocationsķ the main factor contributing to sheѴѴ size variation in this 
systemķ couѴd at Ѵeast partiaѴѴy be expѴained by individuaѴsĽ ageĺ Even 
though onѴy aduѴt individuaѴs were anaѴyzedķ size is known to inŊ
crease with ageĺ Thusķ we cannot excѴude that some of the observed 
patterns in terms of size are heaviѴy infѴuenced by the age at which 
individuaѴs were coѴѴectedķ which couѴd not be measuredĺ

ƓĺƓՊ|ՊHybridization impѴications for fѴat periwinkѴesĽ 
diversification

The reѴativeѴy high variation among sites in terms of hybridization 
ѴeveѴs supports the suggestion that the different contacts between 
fѴat periwinkѴe species at ѴocaѴ geographicaѴ scaѴes can have different 
evoѴutionary outcomesĺ These outcomes depend on factors such as 
environmentaѴ conditionsķ strength of seѴectionķ popuѴation densiŊ
tiesķ and genetic backgroundķ among othersĺ ConsequentѴyķ the deŊ
gree of reproductive isoѴationķ as weѴѴ as the reproductive barriers 
that have accumuѴated between L. fabalis and L. obtusataķ may weѴѴ 
differ among Ѵocations but the causes wiѴѴ be hard to disentangѴeĺ

Different degrees of reproductive isoѴation have been obŊ
served in other species where muѴtipѴe repѴicates of divergence 
have been studiedķ as fѴycatchers ŐBorgeķ Lindroosķ N࢙dvornझkķ 
Syv࢜nenķ ş Sætreķ ƑƏƏƔőķ trout ŐBettѴesķ Dockerķ Dufourķ ş Heathķ 
ƑƏƏƔĸ MuhѴfeѴd et aѴĺķ ƑƏƐƓőķ and Ѵake whitefish ŐRenaut et aѴĺķ ƑƏƐƑőĺ 
Distinct hybridization outcomes among repѴicates can resuѴt from 

genetic ŐBorge et aѴĺķ ƑƏƏƔőķ behavioraѴ ŐBettѴes et aѴĺķ ƑƏƏƔőķ andņ
or environmentaѴ differences ŐMuhѴfeѴd et aѴĺķ ƑƏƐƓĸ Renaut et aѴĺķ 
ƑƏƐƑőĺ EnvironmentaѴ changeķ in particuѴarķ has been suggested as 
the cause of temporaѴ changes in hybridization rates between two 
trout speciesķ with a recent increase reѴated with changes in precipŊ
itation and water temperature ŐMuhѴfeѴd et aѴĺķ ƑƏƐƓőĺ At Ѵeast some 
of the popuѴations anaѴyzed in this study face marked environmentaѴ 
fѴuctuationsķ where exposure to strong wave action may Ѵead to subŊ
stantiaѴ demographic osciѴѴations ŐCarvaѴho et aѴĺķ ƑƏƐѵĸ Reidķ ƐƖƖѵőķ 
contributing to temporaѴ instabiѴity in potentiaѴ for hybridizationĺ 
Furthermoreķ the recent decѴine of fucoid macroaѴgae inhabited by 
fѴat periwinkѴes at the southern Ѵimit of their distribution ŐNicastro 
et aѴĺķ ƑƏƐƒőķ incѴuding the Iberian PeninsuѴaķ couѴd contribute to the 
increase of hybridization in this regionĺ

The fact that hybrids were reѴativeѴy rare in most of the sites 
anaѴyzed here suggests that substantiaѴ reproductive barriers exist 
between fѴat periwinkѴe speciesķ at Ѵeast in most sites where they 
coexistĺ The difference in penis morphoѴogy between fѴat periwinŊ
kѴes makes this trait an important candidate for pѴaying a roѴe in preŊ
zygotic reproductive isoѴation between these species ŐHoѴѴander et 
aѴĺķ ƑƏƐƒĸ Reidķ ƐƖƖѵőĺ Furthermoreķ understanding the causes for 
the high number of hybrids observed in one site and considering 
whether reinforcement couѴd have evoѴved in some of these sites 
are two important issues that need to be addressed in future studiesĺ 
The possibiѴity of capitaѴizing on muѴtipѴe ѴocaѴ contacts between L. 

fabalis and L. obtusata, with idiosyncratic dynamicsķ opens exciting 
research avenues in this systemĺ Performing mating experiments 
between individuaѴs from sites with varying rates of gene fѴow 

 

Littorina fabalis 

ecotype N

Clade I (typical 

L. fabalis)

Clade II (typical 

Littorina obtusata)

Location

AbeѴѴeira FI 1 0 1

Lanzada North ZS 1 0 1

Seixiोos ZS 2 2 0

Cangas FI 1 0 1

La Guia FI 1 1 0

Moug࢙s ME 2 0 2

MindeѴo ME 2 1 1

Cabo do Mundo a 47 9 38

TotaѴ  57 13 44

Hybrid cѴass

FƑ MEņa 5 0 5

BCO MEņa 17 4 13

BCF MEņa 5 1 4

TotaѴ  27 5 22

AbbreviationsĹ N, totaѴ number of hybrids according to each software sequenced for mtDNAĸ CѴade 
Iķ number of hybrids with mtDNA hapѴotype from cѴade I ŐtypicaѴ of L. fabalisőĸ CѴade IIķ number of 
hybrids with mtDNA hapѴotype from cѴade II ŐtypicaѴ of L. obtusataőĺ
aIt was not possibѴe to cѴearѴy distinguish between ME and FIĺ 

TA B L E  Ѷ Պ MitochondriaѴ DNA cѴades 
of the hybrids identified with STRUCTURE in 
each Ѵocation and Littorina fabalis ecotype 
invoѴvedķ and the same reѴativeѴy to the 
hybrids identified with NEWHYRBIDS for 
each cѴass
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between speciesķ phenotypic anaѴyses of traits invoѴved in matingķ 
and the characterization of environmentaѴ conditions and species 
densities among sites are important steps forward to understand the 
Ѵate stages of speciation in this systemĺ

AѴthough the process of divergence between two Ѵineages 
Őformsķ ecotypesķ or specieső tends to be oversimpѴified as if there 
was a singѴe possibѴe outcomeķ the avaiѴabiѴity of muѴtipѴe naturaѴ 
repѴicates suggests that different evoѴutionary routes are possibѴeĺ 
Thusķ systems Ѵike the one presented here are cruciaѴ to understand 
the different paths that can be taken in the Ѵate stages of speciation 
and to determine which paths are more ѴikeѴy to Ѵead to compѴete 
speciationĺ
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TA B L E  Ɩ Պ Comparison between the cѴassification of individuaѴs based on genetics ŐmicrosateѴѴiteső and sheѴѴ morphoѴogy for each Ѵocation

Location

N GEN and 

GM data

GEN and GM GEN and GM

Intermediate shape

GEN and GM GEN Hybrids

Littorina fabalis Littorina obtusata Mismatch
GM assigned 
to species

N (%) N (%) N (%) N (%) N (species)

BureѴa 12 ƐƐ ŐƖƐĺѵƕő � 0 Ɛ ŐѶĺƒƒő  

AbeѴѴeira 16 ѵ ŐƓƏĺƏƏő � Ɣ Őƒƒĺƒƒő Ɠ ŐƑѵĺѵƕő 1 (L. obtusataő

Muros North 14 ѵ ŐѵƏĺƏƏő Ƒ ŐƔƏĺƏƏő Ƒ ŐƐƓĺƑƖő Ɠ ŐƑѶĺƔƕő  

Muros Southa 18 Ɛƕ ŐƖƓĺƓƓő � Ɛ ŐƔĺƔѵő 0  

Lanzada North 19 � ƐƓ ŐƕƒĺѵѶő ƒ ŐƐƔĺƕƖő Ƒ ŐƐƏĺƔƒő  

Lanzada Southa 14 ƐƑ ŐѶƔĺƕƐő � Ƒ ŐƐƓĺƑƖő 0  

Seixiोos 37 Ɛѵ ŐѵƓĺƏƏő ƒ ŐƑƕĺƑƕő Ѷ ŐƑƑĺƑƑő Ɩ ŐƑƔĺƏƏő 1 (L. fabaliső

AѴd࢙n North 22 � ѵ ŐƑѶĺƔƕő ƐƐ ŐƔƑĺƒѶő Ɠ ŐƐƖĺƏƔő 1 (L. obtusataő

AѴd࢙n South 8 Ƒ ŐƔƏĺƏƏő Ɠ ŐƐƏƏő Ɛ ŐƐƑĺƔƏő Ɛ ŐƐƑĺƔƏő  

Borna 21 Ɠ ŐƑѵĺѵƕő Ɠ Őѵѵĺѵƕő Ɣ ŐƑƒĺѶƐő Ѷ ŐƒѶĺƐƏő  

Tir࢙n 32 Ƒѵ ŐѶƐĺƑƔő � ƒ ŐƖĺƒѶő ƒ ŐƖĺƒѶő  

Cangas 25 ƐƏ ŐѵƑĺƔƏő ѵ Őѵѵĺѵƕő Ɠ ŐƐѵĺƏƏő Ɣ ŐƑƏĺƏƏő  

RedondeѴaa 36 � ƒƔ ŐƖƕĺƑƑő Ɛ ŐƑĺƕѶő 0  

La Guia 32 Ɠ Őƒƒĺƒƒő Ɛƕ ŐѶƔĺƏƏő Ɣ ŐƐƔĺѵƒő ѵ ŐƐѶĺƕѵő  

AѴcabre 22 Ƒ ŐƓƏĺƏƏő Ɛѵ ŐƖƓĺƐƑő ƒ ŐƐƒĺѵƓő Ɛ ŐƓĺƔƔő  

Canidoa 18 ƐѶ ŐƐƏƏő � 0 0  

Viana do CasteѴoa 36 � ƒѵ ŐƐƏƏő 0 0  

Rio de Moinhosa 28 � ƑƔ ŐѶƖĺƑƖő ƒ ŐƐƏĺƕƐő 0  

Pॕvoa de Varzima 16 Ɛѵ ŐƐƏƏő � 0 0  

MindeѴo 42 Ƒѵ ŐƐƏƏő Ɛƒ ŐѶѵĺѵƕő 0 Ƒ ŐƓĺѶѶő 1 (L. obtusataő

AgudeѴaa 18 ƐѶ ŐƐƏƏő � 0 0  

Cabo do Mundo 37 ƐƐ ŐƐƏƏő ѵ ŐƓƑĺѶѵő ƒ ŐƐƑĺƏƏő Ɣ ŐƑƏĺƏƏő 2 (L. obtusataőĸ 
10 (L. fabaliső

Leça da PaѴmeiraa 33 ƒƑ ŐƖѵĺƖƕő � Ɛ ŐƒĺƏƒő 0  

TotaѴ 556 237 187 61 55 16

Note: Shown isĹ N GEN and GM dataķ the number of individuaѴs anaѴyzed for both genetics and sheѴѴ morphoѴogyĸ GEN and GM L. fabalis N Őѷőķ 
number Őand percentageő of concordant assignment using genetics and sheѴѴ morphoѴogy to L. fabalisĸ GEN and GM L. obtusata N Őѷőķ number Őand 
percentageő of concordant assignment using genetics and sheѴѴ morphoѴogy to L. obtusataĸ Intermediate shape N Őѷőķ number Őand percentageő of 
individuaѴs geneticaѴѴy pure with intermediate sheѴѴ shapeĸ GEN and GM Mismatch N Őѷőķ number Őand percentageő of individuaѴs geneticaѴѴy cѴassified 
into one species with sheѴѴ shape typicaѴ from the other speciesĸ GEN Hybridsķ number of individuaѴs geneticaѴѴy hybrid cѴassified as pure from each 
species based on sheѴѴ morphoѴogyĺ
aFor the GM anaѴysisķ aѴѴopatric sites were anaѴyzed separateѴy from the sympatric ones Ősee Section Ƒőĺ 
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