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Abstract - Both morphological and molecular data are presented and discussed for
indigenousSalmosp.from Corsica and Sardinia, here call€grrhenian troutFor

comparison, mrphologicaldata obtained from museum specimeansludingthe AlgerianS.
macrostigmaare discussed in the light of recantd newmolecular findingsin total, 29
measurements and 20 meristic characters were taken from each specimen. Out of the meristic
characters, 12 were obtained by means-ohyX One impdiant morphometric character in the
present study ithe size of the head measured frpramaxilla to posterior margin of
preoperculum. This character was particularly stable in all Tyrrhenian trout, showing
relatively large head compared to Atlantic trantito S. macrostigmaOn the contrary, other
characters like bodgunctuationsblack and white edges of finsody depthor number of
epurals in the caudal skeletare quite polymorphidn certain meristic characters, range of
variationof Tyrrhenian trouevenexceeds that of the extensive comparative maté&iah

trout has been genetically characteriz¢ew haplotypes from Tyrrhenian trout were
discovered, belonging to three mitochondrial lineages viz. Adriatic, marble and
Mediterranean, hoawer, Adriatic haplotypes are dominant. Mixingmphological and

genetic data, observadorphology lack any obvious correlation to mitochondrial lineages
andit is concluded that Tyrrhenian trout show no particular affinitg tmacrostgmafrom

Algeria.

Keywords: brown trout / Tyrrhenian Sea / morphology / meristics / mtDNA

Caractérisation morphologique et génétigue de la truite corse et sarde avec
commentaires sur la taxonomie du genre Salmo

Bo Delling, Andrea Sabatini, Stéphane Muracciole, Christelle Tougard, Patrick Berrebi.
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Résumé -La présente étude détaille et discute les données morphologiques et moléculaires
destruites indigénesSalmosp. de Corse et de Sardaigne, ici appelée truites tyrrhéniennes. A
titre de comparaison, les données morphologiques obtenues a partir de spécimens de musée, y
compris S macostigmad'Algérie, sont discutées a la lumiére des découvertes moléculaires
récentes et nouvelles. Au total, 29 mesures et 20 caracteres méristiques ont été considérés
pourchaque spécimen. Parmi ces caractéres méristiques, 12 ont été obtenus au moyen de
rayons X. Un caractére morphométrique important dans la présente étude est la taille de la téte
mesurée dprémaxillaire a la marge postérieure du préopercule. Ce caractére est
particulierement stable chez toutes les truites tyrrhéniennes, qui ont montré une téte
relativement grande par rapport celle de la truite de I'Atlantique et de S. macrogtigma

contraire, d'autres caractéres comme les ponctuations du corps, les franges noires et blanches
des nageoires, la profondeur du corps ou le nombre d'hypuraux dans le squelette caudal sont
assez polymorphes. Pour certains caracteres méristiques, la gamme de variation de la truite
tyrrhénienne dépasse celle de tous les taxons cém@hiaque truite a été génétiquement
caractérisée et de nouveaux haplotypes de truite tyrrhénienne ont été découverts, appartenant
a trois lignées mitochondriales a savoir les lignées adriatique, marbrée et méditerranéenne, les
haplotypes adriatiques étant dominants. En combinant les données morphologiques et
génétiques, il est montré que la morphologie n'a aucune corrélation évidente avec les lignées
mitochondriales. D'autre part, la truite tyrrhénienne n'a aucune affinité particulierg.avec

macrostigmad'Algérie.

Mots-clés:truite commune / mer Tyrrhénienne / morphaddgcaracteres méristique

ADNmt
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1 Introduction

The taxonomic status of Eurasian trouts, i.e.Salmospp. except Atlantic salmoBalmo
salar, is revised continuouslyAmong molecular oriented ichthyologisthis part ofSalmo
diversity is most often referred to as brown trSatmo truttaRU 3SEURZQ WURXW FRPSO
whereas taxonomic oriented scientists, mainly focusing on morphaoginue todescribe
new species and recognizgdeast0 distinct taxaDelling and Doadrip 6 X aepal.N
2006 2007;KottelatandFreyhof, 2007 Delling, 201Q Turanet al, 2009,2011, 2012, 2014a,
2014b, 2017, 202@oadrio et al, 2015 Froese and Paul2019.

The extensive molecular studies of the genus started mainly with allozymes (Ferguson
and Mason1981; Karakousis and Triantaphyllidi990;GarciaMarin et al, 1999;Berrebi
et al, 2000a Berrebi 2019, later on shifting focus towards DNA sequencing mairily o
mitochondrial origin (Giuffraet al, 1994; Apostolidiset al, 1997; Aurelle and Berrep2001,
Snojet al, 201]). These studieled to numerous publications describing genetic variation in
the geus One of the most important findings withine taxonomic context is probably the
proposed five main mitochondrial DNAWDNA) lineages within the brown trout complex
Atlantic (AT), Mediterranean (ME), Adriatic (AD), marble (MA) and Danubian (DA)
(Bernatchezt al, 1992 Bernatchez, 2001)hese lineages aseigmented bgeographically
morelimited lineagesuchasthe Duero (DU) lineagéSuarezt al, 2001) andthe Dades
trout (Snojet al, 2011) bothclose to AT, andhe Tigris (TI) lineage(Bardakciet al, 2006)
close toDA. A recent analysis dd larger portion of the mtDNA allowed for a division of the
AT lineageinto two sister cladesa North African lineagéNA, in Morocco, Algeria and
Sicily) and awell-knownEuropearAT lineage (Tougaret al, 2018).

In several casesorphological and molecular data are correlated, strengthening
hypothegs ontaxadelimitation In several cases, morphological andlecular data are

correlated, strengthening hypotheses on taxa delimitation (Sanz, B@¥&)ver they
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sometimes disagree: for exam@Balmo marmoratugonsidered as very distinct in
morphology (Delling, 2002)s alsocharacterized by the MA mtDNA aride LDH-C1*(120)
allozyme allele. HoweveMA haplotypes arealso found in low frequencies outside th&on
(Bernatchezt al, 1992; Snogt al, 2009;Pustovrhet al, 2011 Tougardet al, 2018 and the
120-alleleis rarein Trebuscica River§lovenig otherwise pur@and isolateds. marmoratus
population Berrebiet al, 200(). Another example of marker disagreement is illustrated by
S. obtusirostrisThis species, whiléxed for a uniqueand specifiantDNA haplotypein the
Neretva Rver (Snojet al, 2002), is fixed for the ADntDNA lineage in Jadro iRer
population.Other frequent kinds of contradictions have been obseegpécially in the
Balkars with numerougaxa VKDULQJ VLPLODU $' £&.208 2006 ISNopt6 Xa QLN
al., 2010). Trese kinds of discrepanciesay be explained bgncient introgression6 X & &L N
al., 2007) Another explanation isie Dobzhanskyuller modelwhich accounts for
cytonucleaincompatibilities(Burton and Barretd2012)

Despite the high number of more or less distinguishable taxa within the genus Salmo
large portios of its populationsrenot easily referred with accuracy to any existing taxon
(Splendianiet al, 2019) This is partly due to lack of morphological ddgeck of studies
including both kinds of data and the fact that several tentatively valid taxa are poorly
described lacking clear diagnoses (Kottelad Freyhof 2007).Within the native distribution
of Salmo,alarge parof its diversity is found in bass of theTyrrhenian islands, Corsica,
Sardinia and Sicily (Berrelgt al, 2019, andespeciallyin Corsica where numerous
differentiatedndigenouspopulations still survivelTrout from Corsica and Sardinia, together
with several other Mediterranean ttsuare often referred to &almo macrostigméDumeril
1858) #a species originally described from Algeria. The namaerostigmaefersto the parr
marks retained in adults (Duméii858). This is a common feature in m&@simospp. and

may explain the broadened usagehis name, as applied to Corsican trout by Roule (1933)
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and to Sardiniatrout at first by Boulenger (1901) also confirmed by Pomini (1941). Since
that, Corsican trout have been characterized both for alloz{@s®mard and Krieg, 1986;
Berrebi 1995, mtDNA (Bernatchezt al, 1992 Berrebiet al, 2019 and microsatellites
(Berrebiet al, 2007, 2019, showing that theynainly belong to the ADineage and possess
the highly diagnostic allozymalele LDH-4*(040). Morphological data on Corsican trout is
so far restricted to pyloric caeca courisiari and Brun 1988 Guyomard 1989 and the
description of variation in color pattern among populations (Lasetak 2010).In the same
way, the na-introgressed Sardinian populations were characterizedlygythe AD lineage
and allele LDHC1 100/100 (Sabatimt al.2018).Some authardescribefor the Sardinian
populationsdifferent haplotype$Adl1, Ad2, Tyrrhl)with highly polymorphiccharacteristis
accompaniedby different phenotypes (Sabatetial, 2011;Zaccaraet al, 2015)

Regarding distinctiveness 8f macrostigmasensu strictpTougardet al. (2018)
analyzedcompletemtDNA sequencefom one syntype and one topotypic specimen and
concludedheybelonged taheNA lineage In the same studgampledrom Corsica and
Sardiniawereassociated to AD, MBMA or AT lineages.

The presenstudy is deliberately F URGULW F L S @ergaid tbtus being to
describe and discudise Salmodiversity irrespective of different views on classification and
taxonomy. Consequentlthe ug of different namese.g.S marmoratis or S.lourosensis
only serve the purpos# pointing out a certairsubset ofrouts Both molecular and
morphological data are presented and discussaddmgyenousSalmosp. from Corsica and
Sardinia here called’yrrheniantrout. Regarding comparison to Algeri& macrostigma
morphological data obtaindtbm museum specimerae also included and discussed in the

light of recent molecular findings (Tougaetial, 2018).
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2 Material and methods

2.1.Sampling
Contemporary specimens (N=38) from one Sardinian and six Colsaaitieswere
captured in the wildby electrofishing, anesthetized with clove essence to death, sampled for
tissue(fin clip in 95% ethanol), fixed in formalif%, andlater transferred to ethanol prior to
morphological analyse$he geographic positions of samgjistationsare given irFig. 1.
Tyrrhenian Salmds referred to with an abbreviation of the stream, e.g. GaMCamboni
River in text, certain graphs and tab{@able 1) As detailed in Fig. 1sample for genetic
and morphologicahnalysesre notexactlythe same.

Comparative material includes different setSafmospp.depending on analyses
andthe questionof interest distinction towards ipalmo macrostigmetom Algeria, ii)
Atlantic basinSalmo truttajii) Salmosp. fromSpan. Comparative materidbr morphometry
is restricted to specimens withgtandard lengthSL) - range (16-208 mm), i.e., within the
SL-range of Tyrrhenian troamplesA description of contemporary and comparative
material is given in Table, bbtaine from several museunollections CMK, Collection of
Maurice Kottelat, Cornol, SwitzerlanBMNH, British Museum of Natural History.ondon
UK; MHNG, Musaim d"HistoireNaturelle, Geava, SwitzerlandINCN, Museo Nacional
de Ciencias Naturales, Madri@pan; MNHN, MuseumNational G | + L VN#tRrelld Raris
France NMW, Naturhistorisches Museum, Wielustrig NRM, Swedish Museum of
Natural History Stockholm SwedenZISP,Zoological Institute, Russian Acadgrof
Sciences, St. PetersbuRussiaZMH, Zoologisches Museutfiiir Hamburg Germany The
sample fronSpan, MNHN 1920 228229, consiss of two specimens only big includedin
the studybecause themorphologyresembésTyrrhenian trout (see belowgomparative

material in addition to that in Table(Delling, unpublishedis includedfor a broader



168 comparison of head length withBalmo A complete list of studied material is provided as

169 supplementary informatio(irable S1)

170

171  2.2.Molecular methods

172 DNA was extracted from fin clips using the Chelex/proteinase K protocol described by

173 Estoupet al.(1996). Three to six individuals have been considerdddaity in the

174  Tyrrhenian region, being or not the exact individuals included in morphologicaisasal

175 PartiaImtDNA controlregion (CR) was amplified by PCR using the PST and FST primers
176  (Cortey andGarciaMarin, (DFK O UHDFWLRQ LQFOXGHG —0 R
177  (Eurofins MWG Operon), 0.2 mM of dNTP (2 mM each), 2 mM of MgCl PO of O

178 5x PCR buffer, 1 U of Taq polymerase (GoTag® Promega) and about 50 ng of genomic

179 DNA. The conditions for PCR were amitial denaturation (95°C, 5 min) followed by 30

180 cycles of strand denaturation (94°C, 1 min), primer annealing (52°C, 1 min) and DNA

181 extension (72°C, 1 min), then followed by a final extension (72°C, 5 min). All PCR

182 amplifications were performed in Eppendorf Mastercycler thermocyclers. The amplified DNA
183 fragments were run on a 0.8% agarose gel to verify the efficiency of amplificatieRCR

184  products were purified and sequenced in both directions to confirm polymorphic sites by the
185 Macrogen Companyseoul, South Koreghttps://dna.macrogen.copdndthe platform

186 GenSeepf WKH ,QVWLWXW GHV 6FLHQFHV GH @f,FraR@XWLRQ GH |
187 The sequences of CR were aligned together with reference haplotypes retrieved from
188 GenBank, using MEGAKS.05 (Tamurat al, 2011).Haplotypes for the new sequences were
189 generated with DnaSP v5.10.1b (Librado and Rd2@39).Haplotype relationships and

190 distribution among populations were evaluateth a mediarjoining network(Bandeltet al,

191 1999) constructed witRopART(Leigh and Bryant2015. In order to assign a phylogenetic

192 position to thesevencontemporary samples 81, SPE POZ, ESE, CAR, CH and NIN),
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the network included published GenBank sequences of the lineages AT, ME, AD, MA, DA

and NA all belonging to the brown trout complex.

2.3.Morphology methods

Methodology follows Dellinget al. (2000)and Delling (2002)The length of the uppermost

gill raker on the lower limb athefirst gill arch (right side) was measurgdsitu using a pair

of dividers All other measurements were taken on the left side of the specimen with a digital
calliper and rounded tihve nearest 0.1 mm (Fi@). One important morphometric character in
the present study is head length (HL) measured from tipesnout to posterior margin of

the operculum. However, the measurementdhantifiesthe size of the head more accurately
is the distance frorthe premaxilla tothe posterior margin othe preoperculum (No. 24 in Fig.

2). Below, the abbreviation HLpp is applied for that measurement.

The rumber of i) pored scales along the lateral line to the end of the caudal peduncle
(left side), ii) scales in an oblique row frothebase of thedipose fin backwards down tioe
lateral line including lateral line scales (left sid@),gill rakers, including rudimentary
elements, on lower and upper limbstoéfirst gill arch separately @ht side), andv)
branchiostegal rays on both sides, wasantedunder a binocular dissection microscope.

The rumber of abdominal vertebrae, caudal vertebrae, pterygiophores supporting
anal and dorsal fins, caudal fin upper and lower procurasst and interneurals were taken
from radiographgFig. 3). Rudimentary vertebrae in the caudal skeleton in addition to the
three upturned vertebrae were not included in the counts. In cases of fusediuentnaber
of neural arches or spinesscourted. The last abdominal vertebra is herein defined as the
last one having ribs (sometimes rudimentary or missing) and/or having the haemal spine much
shorter than in the consecutive first caudal vertebra. The pasitiohe dorsal and anal fins

wereestimated in relation to the vertebral column. The most strongly devetyjedor



218 pterygiophore was used as a marker of dorsal and anal fin poesspectively. Dorsal and

219 anal fin pterygiophores do not articulate with neural and haemal spesesctively, and in

220 uncertain cases the lower valwaschosen. The dorsal and anal fin positions are treated as

221 meristic characters istatisticalanalyses. A membranous triangular bone sometimes present,
222 located above the neural spine of the first vertefffae 3),was not included in interneural

223 counts.

224 Principal component analyses (PCA) on log transformed measurements and square
225 rooted counts were used as an ordination method (Boolitain1985). Some informative

226  meristic characters are summaris€@l il UHTXHQF\ WDEOHYV 7KH LQFOXVLRQ |
227 e.g. body width and body depth in analyses, depends on the state of preservation of

228 specimens. PCAs weperformedusing SYSTAT 13. Colour pattern descriptions are most

229 often restricted to contrasty markings: size, density and distribution of spots; presence of

230 black and white leading edges of dorsal and ans| éiny other markings such as dark bars

231 were also considered. In preserved material, light spots are interpreted as red spots based on
232 personal observations: after transfer to ethanol, red spots disappear transformed into pale
233  spots. Spots described as ocellated refer to spots enclosed by a light ring.

234

235

236 3 Results

237

238 3.1.Molecular results

239  Among the 38 contemporary specimens from Corsica and Sardinia, 34 CR sequences were
240 obtainedcorrespondingo eight newhaplotypes (Tabl&). Thealignment ofCR sequences

241  are998 nucleotides long with 47 phylogenetically informative sites. These haplotypes are
242  genetically very closad{stant from eacltherby up to two mutationg=ig. 4) to 37 published

10
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GenBank haplotype sequences used as reference and illustrating the diversity on all the range
of the S. truttacomplex A comprehensive netwo these new and published haplotypes is
presented Figd. Thesequences of the contemporary analyzed populations were all clustered
into ME, AD and MA lineages, according to the reference sequence®Aand NA
lineages were represented only by Bank sequences.

New haplotypes from Tyrrhenian trout were called ADcr2 to 6, MAcrl aad@,
MEcrl (Table2). Threepopulationsare characterized lyneprivate haplotype eaciNIN,
(Corsica) with MEcr1CAM (Sardinia) with ADcr2 anéOZ(Corsica) with ADcr4CAR,
(Corsica) ischaracterized bg majority of MA private haplotypes (MAcrl a@)land one AD
haplotype (ADcr5)while CHA (Corsica) is characterized by two AD haplotypes (ADcr3 and

ADcr6). SPEandESEshared ADcr3 wittCHA.

3.2.Morphology

Morphometric data are given in Table 3, aneristic dad aresummarized in Tables 4 to 6
including extensive comparative mateifghbles 1 and S). Selected results from ordination
by means of PCA are given for anaygocusing on variation between Tyrrhenian troud as
whole towards Atlantic basi8. trutta(Fig. 5). Corresponding character loadings are given in
SupplementaryablesS2 andS3. The distinction of Tyrrhenian trout towar8. macrostigma
is illustrated with a biplotKig. 6) focusing on the major morphologideit of the Tyrrhenian
trout, viz. the longer hea@iLpp) andslightly shorter caudal peduncle. The two Spanish
specimens are included in all analyses and gragisdiscussion related todltomparatively
large head in Jrrhenian trout, HLpp is also psented as box plots in comparison to an

extended number @almosampleskig. 7).

Variation among Tyrrhenian trout samples

11
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At first glance (Figs8A to 8G),the Tyrrhenian trout resembles Atlantic baSitrutta, i.e.
rather strong jaws, numerous r@ad black spots, black and white edges of, fingst
prominent in CAM, CAR, CHand SPEBIlack spots are sometimes irregularly distributed,
more or less aggregated alahgflanks ofthebody(SPE,NIN) in contrast to, e.g. CAM
having its spots more eventlistributed(Fig. 8A). Therearelarge variatios in meristic
characterdetween different populations and the rangeasfation sometimeexceed that of
theextensive comparative materidlables4 to §. The NIN-sample and the tw8panish
specimens were not markedly different in multivariate statistics in comparison to the six
remaining samples.

Four specimens (1 POZ, 3 ESE) were different in the numleguréls in the caudal
skeleton, havinghreeinstead of twoAll SalmoexceptS. salarhavetwo, sometimes fused

(anomaly) to oneSalmo salaiis polymorphic but two is more commgsee below).

Distinction of Tyrrhenian trout samples towards North Atlantic b&simutta

The rather strong jaws and a colour pattern with prominent black and white leading edges on
the fins are shared between several populatioAglatic basinS. truttaand the Tyrrhenian
trouts.Dark, more or less ocellatedpots on flanks ahebody arealso common in both.
However, some Tyrrhenian trout have their spots aggre@aigsl 8F,8G andp. 415 in
KottelatandFreyhof 2007). Thesample fronSpan also possesséisis uncommon pattern

and was therefore especially highlighted in the comparative matpatelyor densely
distributed dark spots on caudal fawrealso commonn Tyrrhenian trou{Figs. 8B and8G,

CAM and SPErespectively. Spots on caudal faare rarely found irtlantic basinS. trutta
Multivariate statisticsHig. 5) indicate distinction but not complete separation of Tyrrhenian

trout from AtlanticS. truttadue todifferences invertebral counts and heaite.

12
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Distinction of Tyrrhenian trout samples towards S. macrostigma

The extensive variation in meristic characters in Tyrrhenian trout as a whole (Tablgs 4 to 6
covesthe range of variation i8. macrostigmandlimits the analyses to morphometric data.
PCA (not shown) reveals that HLpp and caudal peduncle length are the two morphometric
characters that distinguish them bé&sg(6). The Tyrrhenian trout has longer head (HLpp)

andslightly shorter caudal pedunadempared t&. macrostigméTable 3).

4 Discussion

4.1.Genetic diversity: a strong differentiation pattern

According to results from previous (Tougatdal, 2018; Berrebet al, 2019 and
present studies, thieyrrhenian trout isnainly characterizedby anislandspecific mtDNA
radiationwithin the AD lineageas well as, to a lesser degreeottyer lineagesAT, ME and
MA). The recently described NA lineage is also naturally present in Sibilys, within a
rather limited anashowadayssolated region in theouthcenter ofSalmodistribution, a
comparatively high number of mtDNA lineagésur of the five recognizable major lineages)
occur naturallylt is also striking that a majority of the haplotypes recoverdte present
studywere new Table2) despite more than two decade<C& sequencing irsalmo The
presence athe MElineage in theNIN sample also observed in Corsica by Tougatdil.
(2018)andin other Tyrrhenian samples not includedhe morphological analysess
explained by ancient introgressgevidencecdelsewheraising nuclear markers (Berreddi
al., 2007; Berrehi2015). Itshows that possible secondary corgautist have occurred,
according tothe postglacial invasion of Corsica hypothesis (GautlsierdBerrebj 2007)
Moreover, thgoresence of MA lineag@ some isolate€orsicarriversincluding CARand
the range of distribution of the NA lineage (Morocco, Algeria, Sidityugardet al, 2018;
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Berrebiet al, 2019 demonstrates the multiple unknown events of migrations, invasions and
hybridizations which complicate the trout genetic pattern in the Tyrrhenian regiaally,
the presence afeveral northerAT haplotypegecorded in the Tyrrhenian tro(itougardet
al., 2018;Berrebiet al, 2019 is due to stocking with commercial AT hatchstrains.

Nuclear markers (microsatellites) have also shown that the Tyrrhenian trouts exhibit
exceptiondly differentiated genotypesfa continentallike level, within the two small
sampled islands, besspeciallyin Corsicawhere numerouautochthonous isolated small
populatiors still survive(Berrebiet al, 2019. This strondlifferentiationamong neighboring
rivers is typical of dry Mediterranean mountainous regioeser frozen by glaciation and

providing way for migratiorfApostolidiset al, 2008; Berrebet al, 2019.

4.2.Morphological diversity in light of genetic diversity

Regarding thestrong morphological diversification between studied populations of
Tyrrhenian troutone explanatiomay involverandom effects. Berreletal. (2019 showed
very low levels of genetic variation within populations in Corsican streams based on
microsatellites, suggestirggmall population sizes amdpeated bottleneck events.

Hypothetically, the frequent (c. 10 %), occurrence of three epurals in Tyrrhenian
trout compared to c..D % in comparative material might be a result of genetic drift
accelerated by bottleneckEhreeepuralsn the caudal skeletoaretypical for, e.g.most
Pacific trouts and salmori®ncorhynchu graylings Thymallu3 and whitefishes
(Coregonu¥(Norden 1961 StearleyandSmith, 1993) and appear to be the ancestral state
also retained as a polymorphismSnsalarwith 12 out of 40 studied specimens having three

Delling and Doadrio (2005) also described a situation with a seemingly

plesiomorphic condition in rostrodermethmodid bone in the lake end&rpiallaryifrom
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343 Lake Sidi Ali, Morocco, not recorded elsewhere&saimo Thegenetic characteristics of this
344  extinct trout is unknown but it isklely that trese kinds of reversalsapproaching

345 morphological anomaliesay occur under certain conditions involving random processes in
346  temporarily small populations.

347 Comparing Tyrrhenian samples to ot&mospp., itis tempting to search for a

348 pattern connecting certain characters to certain mtDNA lireétvever, acient

349 introgression in certain populations without strong impantmorphology seems rather to be
350 WKH 3UXOH" LQ PDQ\ VD ONaRIQekzes al, ZDQOGG R id.12043D [ D

351 LerceteatKoOhleret al, 2013;Berrebiet al, 2017). The CAR sample also possessing the MA
352 mtDNA lineage shows no typic&8 marmoratuscharacters, e.g. marbledlor pattern, high

353 vertebral counts at hypethmoid bonembedded in the rostral cartiladge.contrast, more

354  recent hybrids involving. marmoratushow a variable bubverall intermediate phenotype
355 (Delling, et al, 2000. Prominent black and white leading edges on fins in severah@yian
356 populationsaresimilar toAtlantic basinS. truttaandcould tentatively be regarded as ancient
357 traces of the\T lineage. This pattern &lso present in some North African trout, &g.

358 akairosandS. macrostigmaelonging to the NAineage, close to the AT one (Tougaidal,
359 2018) However nather NA nor ATlineages have sdar beenreported fromCorsicaand

360 Sardinig except ATlineages ohatchery origin

361 Despite thecomplex pattern of migrations, hybridizations and genetic radiation in the
362 Tyrrhenian trout historyalso giving rise to rather morphologically distinct populations in
363 Corsica and Sardinia (Fig8A to 8G), they all share a comparatively large head.(6 and

364 7). This contradictory pattern of morphological homogeneityctrtain characters opposed to
365 strong differentiation in othetake probablyaccount of the genetic data in the search for
366 possible explanation3urning focus to theverall large head ifyrrhenian troutit is

367 noticeable that this character varies extensively within and between different kinds of trouts
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(Fig. 7). It should be noted that sample sizes vary considerably (Fig. 7) but several of them
can be characterized as typically snfebhded, e.d5. salar S.obtusirostrisandS.
lourosensisNext after the Tyrrhenian trouts, the tNorth Africanlaketroutsendemic from
Morocco, S. akirosandS. pallaryi together withS. marmoratuandS. dentexnhabiting
Adriatic basin drainagepossessomparativelyjargeheads. Thus, theis no obvious
correlation baveen size of head arndbitat anfbr lifestyle, e.g. rapid streams.\akes and
it is fully possible that the large head is a resulh édunde effect duringancient
establishment on thelands However, lody proportions can be affected by, e.g. growth rate
Barlow (1961) refers to studies where it was shown that head lemgfismaller in faster
growing rainbow troytOncorhynchus mykis$hus the comparativeliarge head in
Tyrrhenian troutanbe a consequence of slow growth under harsh congddros
consequence of earlier sexual maturiftpwever PankhursandMontgomery(1994)showed,
also for Q mykissthatretarded growth reswlin larger eyes. The Tyrrhenian trout possesses
on the average slightly smaller eyes compare&thamntic S. trutta(Table 3) and consequently
retarded growth seems not to be a likely explanation for the large head.

The twoSpanish specimeneferred toasSalmosp. MNHN 1920 228-229possess
acolor pattern with irregularly distributed spotsofound in some Tyrrhenian troutsnd
are comparatively large headddd. 6). Theyprovidean example of what a hypothetical
ancestor could have looked lilend if the interpretation of locality information (Ebro basin)
is correctit makes sense as the basin is dominated byhsplotypes Corteyet al, 2004)

Also, the haplotype ADcs13 found in Ebro is very close to the Tyrrheniahadbtypes

(Fig. 4).

16



392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

5 Conclusions

Data presented herein suggest that within the rather unresdedcomplex in the
Mediterranean regignve may start to peroa a kind of large headed trotitowever,more
populations from thésland and surrounding mainland (Fran&pan, and Italy) need to be
studied to survey the distribution of this morphololjyvould be a large step forward if this
kind of trout could get an identity, i.e. a scientific name to balanuerhaps too broad or
erroneous usage of nammgch asS.trutta andS. macrostigman the Mediterranean region.
This longterm work already begawith several recent molecular papers (S24.8

Tougardet al, 2018;Berrebiet al, 2019 and the present studyhe Tyrrhenian troustudied
here are left withoud taxonomic identity but it is clearly demonstrated, in line with molecular
data (Tougaret al, 2018), that they show no particular affinity$o macrostigmance

described from Algeria.
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8. Figures captions

Fig. 1. Geographic position of the new sampled populations in Corsica and Sardinia.

Fig. 2. Measurements taken &almospecimens; 1, upper jaw depth, as largest depth of the
maxilla and supramaxilj&, snout length, from symphysis of premaxilla to osseous orbit
margin; 3, orbital horizontal diameter, between osseous orbital margin; 4, head depth, just
posterior to orbit; 5, orbital vertical diameter, between osseous orbital margin; 6, length of
maxila, from premaxilla end to posterior end of maxilla; 7, upper jaw length, from symphysis
of premaxilla to posterior end of maxilla; 8, lower jaw length, from symphysis of dentary to
retroarticular; 9, pectoral fin length, from base of first ray to tijpofest ray; 10, body

depth, at level of origin of dorsal fin; 11, dorsal fin length, from base to tip of longest ray; 12,
pelvic fin length, from base of first ray to tip of longest ray; 13, body depth, at level of origin
of anal fin; 14, adipose fin letty from origin to tip; 15, anal fin length, from base of first ray

to tip of longest ray; 16, caudal peduncle length, from end of anal fin to middle base of caudal
fin; 17, least depth of caudal peduncle; 18, length of upper caudal fin lobe, from bps# to
longest ray; 19, length of middle caudal fin ray, from base to tip of shortest ray; 20, length of
lower caudal fin lobe, from base to tip of longest ray; 21 standard length (SL), from upper jaw
symphysis to middle base of caudal fin; 22, predoesaith from upper jaw symphysis to

origin of dorsal fin; 23, head length, from upper jaw symphysis to posterior tip of operculum;
24, premaxilla to preoperculum length, from premaxilla end of maxilla to posterior margin of
preoperculum (HLpp); 25, prepeiMiength, from upper jaw symphysis to origin of pelvic fin;

26, preanal length, from upper jaw symphysis to origin of anal fin; 27, interorbital width,
transverse at narrowest part of skull; 28, body width, transverse at widest part of body at level

of dorsal fin origin, above abdominal cavity.
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Fig. 3. Radiograph oSalmosp. POZ, NRM62572, 197.3 mm SL; Pozzi di Marmanu Corsica
(same specimen as in Fig. 8E). Upper left; a thin membranous bone indicated with dashed
white line. Upper right; the uncommon catmeh with three (iii) epurals in the caudal

skeleton.

Fig. 4. Median-joining network of control region haplotypes of some trout samples (new
Tyrrhenian haplotypes and AT, AD, DA, MA, ME and NA haplotypes from GenBank).
Haplotypes are indicated by numbers as given in Table 2. Black circles are for nodes, and

hatch marks are for mutation steps.

Fig. 5. Morphometric PC Il plotted against meristic PC 1$amofrom Sardinia, Corsica

and Spain in comparison to Atlantic baSintrutta

Fig. 6. Premaxilla to preoperculum length plotted against caudal peduncle len&krfoy
from Sardinia, Corsica and Spain in compariso8.tmacrostigmalinear regressiofines

with 95% confidence bands are shown for each group separately.

Fig. 7. Box plot of premaxilla to preoperculum length as % of SL, totally 518 specimens 116-
208 mm SL. Number of specimens is given for each sample separately. Samples in bold are
detaled in Table 1. Additional samples given in capital letters (Delling, umghdx) refer to

rivers or streams in the given regiqisble S1) Ezenam is a lake in Daghestan &futax

represents trout from Black Sea basin with an anadromous silvesjemtr appance.

Turkey and Mediterranean are samples scattered in the regions. Boxes represent median value
+/- 25% of the observations, and whiskers the inner fences. Asterisks are outside or far

outside values.
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Fig. 8. External aspect of seven of the trolga/mosp. analyzed in the present study. Picture
A-F taken after fixation in formalin prior to transfer to ethaAolCAM, NRM 61782, 183.7
mm SL; Camboni Sardini&. CAR, NRM 62571, 167.6 mm SL; Carnevale CorscaCHJ,
NRM62573, 136.6 mmlS Chjuvone CorsicaD. ESE, NRM 61813, 152.0 mm SL; Val
d'Ese CorsicéE. POZ, NRM62572, 197.3 mm SL; Pozzi di Marmanu Cordic&PE,

NRM61812, 148.1 mm SL Speloncellu CorsiGaNIN, Lake Ninu Corsica © S. Muracciole
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Abstract - Both morphological and molecular data are presented and discussed for
indigenousSalmosp. from Corsica and Sardinia, here call&€grrhenian troutFor

comparison, mrphologicaldata obtained from museum specimeansludingthe AlgerianS.
macrostigmaare discussed in the light of recantd newmolecular findingsin total, 29
measurements and 20 meristic characters were taken from each specimen. Out of the meristic
characters, 12 were obtained by means-ohyX One impdiant morphometric character in the
present study ithe size of the head measured frpramaxilla to posterior margin of
preoperculum. This character was particularly stable in all Tyrrhenian trout, showing
relatively large head compared to Atlantic trantito S. macrostigmaOn the contrary, other
characters like bodgunctuationsblack and white edges of finsody depthor number of
epurals in the caudal skeletare quite polymorphidn certain meristic characters, range of
variationof Tyrrhenian trouevenexceeds that of the extensive comparative maté&iah

trout has been genetically characteriz¢ew haplotypes from Tyrrhenian trout were
discovered, belonging to three mitochondrial lineages viz. Adriatic, marble and
Mediterranean, hoawer, Adriatic haplotypes are dominant. Mixingmphological and

genetic data, observadorphology lack any obvious correlation to mitochondrial lineages
andit is concluded that Tyrrhenian trout show no particular affinitg tmacrostgmafrom

Algeria.

Keywords: brown trout / Tyrrhenian Sea / morphology / meristics / mtDNA

Caractérisation morphologique et génétigue de la truite corse et sarde avec
commentaires sur la taxonomie du genre Salmo

Bo Delling, Andrea Sabatini, Stéphane Muracciole, Christelle Tougard, Patrick Berrebi.
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Résumé -La présente étude détaille et discute les données morphologiques et moléculaires
destruites indigénesSalmosp. de Corse et de Sardaigne, ici appelée truites tyrrhéniennes. A
titre de comparaison, les données morphologiques obtenues a partir de spécimens de musée, y
compris S macostigmad'Algérie, sont discutées a la lumiére des découvertes moléculaires
récentes et nouvelles. Au total, 29 mesures et 20 caracteres méristiquesamsidéres

pour chaque spécimen. Parmi ces caracteres méristiques, 12 ont été obtenus au moyen de
rayons X. Un caractére morphométrique important dans la présente étude est la taille de la téte
mesurée dprémaxillaire a la marge postérieure du préopercule. Ce caractére est
particulierement stable chez toutes les truites tyrrhéniennes, qui ont montré une téte
relativement grande par rapport celle de la truite de I'Atlantique et de S. macrogtigma

contraire, d'autres caractéres comme les ponctuations du corps, les franges noires et blanches
des nageoires, la profondeur du corps ou le nombre d'hypuraux dans le squelette caudal sont
assez polymorphes. Pour certains caracteres méristiques, la gamme de variation de la truite
tyrrhénienne dépasse celle de tous les taxons cém@hiaque truite a été génétiquement
caractérisée et de nouveaux haplotypes de truite tyrrhénienne ont été découverts, appartenant
a trois lignées mitochondriales a savoirllgaées driatique, marbrée et méditerranéenne

les haplotypes adriatiques étant dominants. En combinant les données morphologiques et
génétiques, il est montré que la morphologie n'a aucune corrélation évidente avec les lignées
mitochondriales. D'autre part, la truite tyrrhénienne n'a aucune affinité particulierg.avec

macrostigmad'Algérie.

Mots-clés:truite commune/ mer Tyrrhénienne / morphol@y caractéresméristique /

ADNmt
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1 Introduction

The taxonomic status of Eurasian trouts, i.e.Salmospp. except Atlantic salmoBalmo
salar, is revised continuouslyAmong molecular oriented ichthyologisthis part ofSalmo
diversity is most often referred to as brown trSatmo truttaRU 3SEURZQ WURXW FRPSO
whereas taxonomic oriented scientists, mainly focusing on morphaoginue todescribe
new species and recognizgdeast50 distinct taxaDelling and Doadrip 6 X aeal.N
2006 2007;KottelatandFreyhof, 2007 Delling, 201Q Turanet al, 2009,2011, 2012, 2014a,
2014b, 2017, 202@oadrio et al, 2015 Froese and Pauly2019.

The extensive molecular studies of the genus started mainly with allozymes (Ferguson
and Mason1981; Karakousis and Triantaphyllidi990;GarciaMarin et al, 1999;Berrebi
et al, 2000a Berrebi 2019, later on shifting focus towards DNA sequencing mairily o
mitochondrial origin (Giuffraet al, 1994; Apostolidiset al, 1997; Aurelle and Berrep2001,
Snojet al, 201]). These studieled to numerous publications describing genetic variation in
thegenus One of the most important findings withine taxonomic context is probably the
proposed five main mitochondrial DNAWDNA) lineages within the brown trout complex
Atlantic (AT), Mediterranean (ME), Adriatic (AD), marble (MA) and Danubian (DA)
(Bernatchezt al, 1992 Bernatchez, 2001)hese lineages aseigmented bgeographically
morelimited lineagesuchasthe Duero (DU) lineagéSuarezt al, 2001) andthe Dades
trout (Snojet al, 2011) bothclose to AT, andhe Tigris (TI) lineage(Bardakciet al, 2006)
close toDA. A recent analysis dd larger portion of the mtDNA allowed for a division of the
AT lineageinto two sister cladesa North African lineage (NAn Morocco, Algeria and
Sicily) and awell-knownEuropearAT lineage (Tougaret al, 2018).

In several casesorphological and molecular data are correlated, strengthening
hypothess ontaxadelimitation In several cases, morphological and molecular data are

correlated, strengthening hypotheses on taxa@elimitation (Sanz, 2018)However they
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sometimes disagree: for exam@Balmo marmoratugonsidered as very distinct in
morphology (Delling, 2002)s alsocharacterized by the MA mtDNA aride LDH-C1*(120)
allozyme allele. HoweveMA haplotypes arealso found in low frequencies outside th&on
(Bernatchezt al, 1992; Snogt al, 2009;Pustovrhet al, 2011 Tougardet al, 2018 and the
120-alleleis rarein Trebuscica River§lovenig otherwise pur@and isolateds. marmoratus
population Berrebiet al, 200(). Another example of marker disagreement is illustrated by
S. obtusirostrisThis species, whiléxed for a uniqueand specifiantDNA haplotype in the
Neretva Rver (Snojet al, 2002), is fixed for the ADntDNA lineage in Jadro iRer
population.Other frequent kinds of contradictions have been obseegpécially in the
Balkars with numerougaxa VKDULQJ VLPLODU $' &&.200R 2006 ISNopt6 Xa QL N
al., 2010). Trese kinds of discrepanciesay be explained bgncientintrogression 6 X 8 &L N
al., 2007) Another explanation isie Dobzhanskyuller modelwhich accounts for
cytonucleaincompatibilities(Burton and Barretd2012)

Despite the high number of more or less distinguishable taxa within the genus Salmo
largeportiors of its populationsrenot easily referred with accuracy to any existing taxon
(Splendianket al, 2019) This is partly due to lack of morphological data, lack of studies
including both kinds of data and the fact that several tentatively tededare poorly
described lacking clear diagnoses (Kottelad Freyhof 2007).Within the native distribution
of Salmo,alarge parof its diversity is found in basins die Tyrrhenian islands, Corsica,
Sardinia and Sicily (Berrelgt al, 2019, andegeciallyin Corsica where numerous
differentiatedndigenouspopulations still survivelTrout from Corsica and Sardinia, together
with several other Mediterranean trouts, are often referredSalaso macrostigméDumeril
1858) #a species originally described from Algeria. The namaerostigmaefersto the parr
marks retained in adults (Duméii858). This is a common feature in m&@simospp. and

may explain the broadened usagehis name, as applied to Corsicanutdy Roule (1933)
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and to Sardiniatrout at first by Boulenger (1901) also confirmed by Pomini (1941). Since
that, Corsican trout have been characterized both for allozygwg®ard and Krieg, 1986;
Berrebi 1995, mtDNA (Bernatchezt al, 1992 Berrebiet al, 2019 and microsatellites
(Berrebiet al, 2007, 2019, showing that theynainly belong to the ADineage and possess
the highly diagnostic allozymalele LDH-4*(040). Morphological data on Corsican trout is
so far restricted to pyloricaeca countJlivari and Brun1988 Guyomard 1989 and the
description of variation in color pattern among populations (Lasetak 2010).In the same
way, thenon-introgressed Sardinian populations were characterizealyytheAD lineage
and allele LDHC1 100/100 (Sabatimt al.2018).Some authardescribefor the Sardinian
populationsdifferent haplotype$Adl1, Ad2, Tyrrhl)with highly polymorphiccharacteristis
accompaniedby different phenotypes (Sabatetial, 2011;Zaccaraet al, 2015)

Regarding distinctiveness 8f macrostigmasensu stricto Tougardet al. (2018)
analyzedcompletemtDNA sequencefom one syntype and one topotypic specimen and
concludedheybelonged taheNA lineage In the same studgampledrom Corsica and
Sardiniawereassociated to AD, MBMA or AT lineages.

The presenstudy is deliberately F URGULW F L S @ergaid tbtus being to
describe and discudise Salmodiversity irrespective of different views on classification and
taxonomy. Consequentlthe ug of different namese.g.S marmoratis or S.lourosensis
only serve the purpos# pointing out a certairsubset ofrouts Both molecular and
morphological data are presented and discussaddmgyenousSalmosp. from Corsica and
Sardinia here called’yrrheniantrout. Regarding comparison to Algeri& macrostigma
morphological data obtaindtbm museum specimere also inclded and discussed in the

light of recent molecular findings (Tougaetial, 2018).
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143 2 Material and methods

144

145 2.1.Sampling

146  Contemporary specimens (N=38) from one Sardinian and six Cotsaalitieswere

147  captured in the wildy electrofishinganesthetized with clove essence to death, sampled for
148 tissue(fin clip in 95% ethanol), fixed in formali%, andlater transferred to ethanol prior to
149 morphological analyse3he geographic positions of samplisigitionsare given inFig. 1.

150 Tyrrhenian Salmes referred to with an abbreviation of the stream, e.g. GaiMCamboni

151 River in text, certain graphs and tab{@able 1) As detailed in Fig. 1sample for genetic
152 and morphologicahnalysesre notexactlythe same.

153 Comparative material includes different setSafmospp.depending on analyses
154  andthequestionof interest distinction towards isalmo macrostigmiom Algeria, ii)

155 Atlantic basinSalmo truttajii) Salmosp. fromSpan. Comparative materidbr morphometry
156 isrestricted to specimens withatandard lengthSL) - range (16-208 mm), i.e., within the
157 SL-range of Tyrrhenian trogamplesA description of contemporary and comparative

158 material is given in Table, bbtained from several museuwailections CMK, Coll ection of
159 Maurice Kottelat, Cornol, Switzerland; BMNH, British Museum of Natural History

160 London, UK MHNG, Museum d"Histoire Naturelle, Geneva, Switzerlandd MNCN,

161 Museo Nacional de Ciencias Naturales, Madgidan; MNHN, MuseumNational G{+LVWRLUH
162 Naturelle Paris France NMW, Naturhistorisches Museum, Wighustrig NRM, Swedish
163 Museum of Natural HistoryStockholm SwedenZISP,Zoological Institute, Russian

164 Acadeny of Sciences, St. PetersbuRussiaZMH, Zoologisches Museurfiiir Hamburg

165 Germaty. The sample fronspan, MNHN 1920 228229, consiss of two specimens only but
166 isincluded in the studipecause theimorphologyresembésTyrrhenian trout (see below).

7



167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

Comparative material in addition to that in Table 1 (Delling, unpublished) is included for
broadercomparison of head length withBalmo A complete list of studied material is

provided assupplementary information (Table S1)

2.2.Molecular methods

DNA was extracted from figlips using the Chelex/proteinase K protocol described by

Estoupet al.(1996). Three to six individuals have been considerdddality in the

Tyrrhenian region, being or not the exact individuals included in morphological analyses.

PartialmtDNA control region (CR) was amplified by PCR using the PST and FST primers

(Cortey andGarciaMarin, (DFK O UHDFWLRQ LQFOXGHG —0 R

(Eurofins MWG Operon), 0.2 mM of dNTP (2 mM each), 2 mM of MgCl PO O RI

5x PCR buffer, 1 U of Taqgdymerase (GoTag® Promega) and about 50 ng of genomic

DNA. The conditions for PCR were amtial denaturation (95°C, 5 min) followed by 30

cycles of strand denaturation (94°C, 1 min), primer annealing (52°C, 1 min) and DNA

extension (72°C, 1 min), thenlliowed by a final extension (72°C, 5 min). All PCR

amplifications were performed in Eppendorf Mastercycler thermocyclers. The amplified DNA

fragments were run on a 0.8% agarose gel to verify the efficiency of amplificatioRCRe

products were purifiedral sequenced in both directions to confirm polymorphic sites by the

Macrogen Companyseoul, South Koreéhttps://dna.macrogen.com) andthe platform

GenSegpf WKH ,QVWLWXW GHV 6FLHQFHV GH OT(YROXWLRQ GH (
The sequences of CR were aligned together with reference haplotypes retrieved from

GenBank, using MEGA5.05 (Tamuraet al, 2011).Haplotypes for the new sequences were

generated with DnaSP v5.10.1b (Librado and Ra2239).Haplotype relationships and

distribution amog populations were evaluatedgth a mediarjoining network(Bandeltet al,

1999) constructed witRopART(Leigh and Bryant2015. In order to assign a phylogenetic
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position to the sevetontemporary samples (CAMPE POZ, ESE, CAR, CHANd NIN),
the netvork included publishe@enBanksequences of the lineages AT, ME, AD, M2A

and NA all belonging to the brown trout complex.

2.3.Morphology methods

Methodology follows Dellinget al. (2000 andDelling (2002).The length of the uppermost

gill raker onthe lower limb ofthefirst gill arch (right side) was measurgdsituusing a pair

of dividers All other measurements were taken on the left side of the specimen with a digital
calliper and rounded tihve nearest 0.1 mm (Fi@). One important morphortré&c character in

the present study is head length (HL) measured from tipesinout to posterior margin of

the operculum. However, the measurementdhantifiesthe size of the head more accurately
is the distance frorthe premaxilla tothe posteriormargin of thepreoperculum (No. 24 in Fig.

2). Below, the abbreviation HLpp is applied for that measurement.

The rumber of i) pored scales along the lateral line to the end of the caudal peduncle
(left side), ii)scales in an oblique row frothebase of thedipose fin backwards down tioe
lateral line including lateral line scales (left sid@),gill rakers, including rudimentary
elements, on lower and upper limbgtoéfirst gill arch separately (right side), aivl
branchiostegal rays on both efj werecountedunder a binocular dissection microscope.

The rumber of abdominal vertebrae, caudal vertebrae, pterygiophores supporting
anal and dorsal fins, caudal fin upper and lower procurrent rays, and interneurals were taken
from radiographgFig. 3). Rudimentary vertebrae in the caudal skeleton in addition to the
three upturned vertebrae were not included in the counts. In cases of fuseditentnaber
of neural arches or spinesscounted. The last abdominal vertebra is herein defined as the
last one having ribs (sometimes rudimentary or missing) and/or having the haemal spine much

shorter than in the consecutive first caudal vertebra. The pasitfiohe dorsal and anal fins
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were estimated in relation to the vertebral column. The most strongly developed anterior
pterygiophore was used asnarker of dorsal and anal fin positiogespectively. Dorsal and

anal fin pterygiophores do not articulate with neural and haemal spsestvely, and in
uncertain cases the lower valwaschosen. The dorsal and anal fin positions are treated as
meristic characters istatisticalanalyses. A membranous triangular bone sometimes present,
located above the neural spine of the first vertefffae 3), was not included in interneural
counts.

Principal component analyses (PCA) on log transformed measurements and square
rooted counts were used as an ordination method (Boolettain1985). Some informative
PHULVWLF FKDUDFWHUY DUH VXPPDULVHG LQ IUHTXHQF\ WL
e.g. body width and body depth in analyses, depends on the state of preservation of
specimens. PCAs weperformed using SYSTAT 13. Colaupattern descriptions are most
often restricted to contrasting markings: size, density and distribution of spots; presence of
black and white leading edges of dorsal and ans| &éiny other markings such as dark bars
were also considered. In preservedenal, light spots are interpreted as red spots based on
personal observations: after transfer to ethanol, red spots disappear transformed into pale

spots. Spots described as ocellated refer to spots enclosed by a light ring.

3 Results

3.1.Molecular results

Among the 38 contemporary specimens from Corsica and Sardinia, 34 CR sequences were
obtainedgcorrespondingo eight newhaplotypes (Tabl&). The alignment of CR sequences

are 998 nucleotides long with 47 phylogenetically informative sites. Thebaplotypes are

10
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genetically very close (distant from each other by up to two mutations,)Rm 34 published
GenBank haplotype sequeneesed as reference atidistrating thediversityon all the range

of the S. truttacomplex A comprehensive netwoi these new and published haplotypes is
presentedrig. 4. Thesequences of the contemporary analyzed populations were all clustered
into ME, AD and MA lineages, according to the reference sequence®Aand NA

lineages were represented only by Banksequences.

New haplotypes from Tyrrhenian trout were called ADcr2 to 6, MAcrl aad@,
MEcrl (Table2). Threepopulationsare characterized lyneprivate haplotype eaciNIN,
(Corsica) with MEcr1CAM (Sardinia) with ADcr2 anéOZ(Corsica) with ADcr4CAR,
(Corsica) ischaracterized bg majority of MA private haplotypes (MAcrl a@)land one AD
haplotype (ADcr5)while CHA (Corsica) is characterized by two AD haplotypes (ADcr3 and

ADcr6). SPEandESEshared ADcr3 wittCHA.

3.2.Morphology

Morphometric data are given in Table 3, aneristic dad aresummarized in Tables 4 to 6
including extensive comparative mateif&hbles 1 and SJ). Selected results from ordination
by means of PCA are given for anaygocusing on variation between Tyrrhenian troud as
whole towards Atlantic basi8. trutta(Fig. 5). Corresponding character loadings are given in
Supplementaryables S2 and S3. The distinction of Tyrrhenian trout towa 8.

macrostigmas illustrated with a biplofFig. 6) focusing on the major morphological trait of
the Tyrrhenian trout, viz. the longer hgdtlpp) andslightly shorter caudal peduncle. The
two Spanish specimens are included in all analyses and gFapldiscussion tated to tke
comparatively large head iryiirhenian trout, HLpp is also presented as box plots in

comparison to an extended numbeBafmosamplegFig. 7).

11



267 Variation among Tyrrhenian trout samples

268 At first glance Figs. 8A to 8G), the Tyrrhenian trout resembles Atlantic baSitrutta, i.e.
269 rather strong jaws, numerous red and black spots, black and white edgesmbéins

270 prominent in CAM, CAR, CHand SPEBIack spots are sometimes irregularly distributed,
271 more or less aggregated alahgflanks ofthebody(SPE,NIN) in contrast to, e.g. CAM

272  having its spots more evenly distribuigdg. 8A). Therearelarge variatios in meristic

273 characterdetween diférent populations and the rangevafiation sometimesxceed that of
274  theextensive comparative materidlaples4 to 6. The NIN-sample and the tw8panish

275 specimens were not markedly different in multivariate statistics in comparison to the six
276  remaining samples.

277 Four specimens (1 POZ, 3 ESE) were different in the numlegpuwéls in the caudal
278  skeleton, havinghreeinstead of twoAll SalmoexceptS. salarhavetwo, sometimes fused
279 (anomaly) to oneSalmo salaiis polymorphic but two is more comm¢ésee below)

280

281 Distinction of Tyrrhenian trout samples towards North Atlantic b&simutta

282  The rather strong jaws and a colour pattern with prominent black and white leading edges on
283 the fins are shared between several populatioAdlantic basinS. truttaand the Tyrrhenian
284  trouts.Dark, more or less ocellatedpots on flanks ahebody arealso common in both.

285 However, some Tyrrhenian trout have their spots aggregeitgsl 8F, 8G andp. 415 in

286 KottelatandFreyhof 2007). Thesample fronSpan also possesséisis uncommon pattern
287 and was therefore especially highlighted in the comparative matggakelyor densely

288 distributed dark spots on caudal ferealso commonn Tyrrhenian trouf{Figs. 8B and 8G,
289 CAM and SPErespectively. Spots on caudal faare rarely found itlantic basinS. trutta
290 Multivariate statisticsHig. 5) indicate distinction but not complete separatiofyfrhenian

291 trout from AtlanticS. truttadue todifferences invertebral counts and heaite.

12
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Distinction of Tyrrhenian trout samples towards S. macrostigma

The extensive variation in meristic characters in Tyrrhenian trout as a whole (Tablgs 4 to 6
covesthe range of variation i8. macrostigmandlimits the analyses to morphometric data.
PCA (not shown) reveals that HLpp and caudal peduncle length are the two morphometric
characters that distinguish them bé&sg(6). The Tyrrhenian trout has longer head (HLpp)

andslightly shorter caudal pedunadempared t&. macrostigméTable 3).

4 Discussion

4.1.Genetic diversity: a strong differentiation pattern

According to results from previous (Tougatdal, 2018; Berrebet al, 2019 and
present studies, theyrrhenian trout isnainly characterizedby anislandspecific mtDNA
radiationwithin the AD lineageas well as, to a lesser degreepliyer lineagesAT, ME and
MA). The recently described NA lineage is also naturally present in Sibilys, within a
rather limited anashowadayssolated region in theouthcenter ofSalmodistribution, a
comparatively high number of mtDNA lineagésur of the five recognizable major lineages)
occur naturallylt is also striking that a majority of the haplotypes recoverdte present
studywere new {able2) despite more than two de@slofCR sequencing irsalmo The
presence athe MElineage in theNIN sample also observed in Corsica by Tougatdil.
(2018)andin other Tyrrhenian samples not includedhe morphological analysess
explained by ancient introgressgevidenceclsewheraising nuclear markers (Berredti
al., 2007; Berrehi2015). Itshows that possible secondary corgautist have occurred,
according tothe postglacial invasion of Corsica hypothesis (GautlsiedBerrebj 2007)
Moreover, thgoresence of MA lineag@ some isolate€orsicarriversincluding CARand
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the range of distribution of the NA lineage (Morocco, Algeria, Sicily: Tougaal, 2018;
Berrebiet al, 2019 demonstratethe multiple unknown events of migrations, invasions and
hybridizations which complicate the trout genetic pattern in the Tyrrhenian régadly,
the presence afeveral northerAT haplotypegecorded in the Tyrrhenian tro(itougardet
al., 2018;Berrebiet al, 2019 is due to stocking with commercial Afatchery strains.

Nuclear markers (microsatellites) have also shown that the Tyrrhenian trouts exhibit
exceptiondly differentiated genotypesfa continentallike level, within the two small
sampled islands, batspeciallyin Corsicawhere numerous autochthonous isolated small
populatiors still survive(Berrebiet al, 2019. This stronglifferentiationamong neighboring
rivers is typical of dry Mediterranean mountainous regioeser frozen by glaciation and

providing way for migration (Apostolidiset al, 2008; Berrebet al, 2019.

4.2.Morphological diversity in light of genetic diversity

Regarding thestrong morphological diversification between studied populations of
Tyrrhenian troutone explanatiomay involverandom effects. Berrelgt al. (2019 showed
very low levels of genetic variation within populations in Corsican streams based o
microsatellites, suggestirggall population sizes amdpeated bottleneck events.

Hypothetically, the frequent (c. 10 %), occurrence of three epurals in Tyrrhenian
trout compared to c..D % in comparative material might be a result of genetic drift
accelerated by bottleneckEhreeepuralsn the caudal skeletoaretypical for, e.g.most
Pacific trouts and salmori®ncorhynchu graylings Thymallu3 and whitefishes
(Coregonu¥(Norden 1961 StearleyandSmith, 1993) and appear to be the ancestral state

also retained as a polymorphismSrsalarwith 12 out of 40 studied specimens having three

14



341 Delling and Doadrio (2005) also described a situation with a seemingly

342  plesiomorphic condition in rostrodermethmodighe in the lake endem&: pallaryifrom

343 Lake Sidi Ali, Morocco, not recorded elsewhearesalmo The genetic characteristics of this
344  extinct trout is unknown but it is likely thatebe kinds of reversalsapproaching

345 morphological anomaliesay occur under certain conditions involving random processes in
346 temporarily small populations.

347 Comparing Tyrrhenian samples to ot&imospp., itis tempting to search for a

348 pattern connecting certain characters to certain mtDNA lireétvever, acient

349 introgression in certain populations without strong impantmorphology seems rather to be
350 WKH BUXOH" LQ PDQ\ VD ONaRIiGezes M., ZDQOGCRtWIE tdlL2043D [ D

351 LerceteatKoOhleret al, 2013;Berrebiet al, 2017). The CAR samje also possessing the MA
352 mtDNA lineage shows no typic&8 marmoratuscharacters, e.g. marbledlor pattern, high

353 vertebral counts an hypethmoid bonembedded in the rostral cartilade.contrast, more

354  recent hybrids involving. marmoratushow a variable bubverall intermediate phenotype
355 (Delling, et al, 2000. Prominent black and white leading edges on fins in severah@yian

356 populationsare similar toAtlantic basinS. truttaandcould tentatively be regarded as ancient
357 traces otheAT lineage. This pattern &so present in some North African trout, &g.

358 akairosandS. macrostigmaelonging to the NAineage, close to the AT one (Tougaidal,

359 2018) However nather NA nor ATlineages have sdar beenreported fromCorsicaand

360 Sardinig except ATlineages ohatchery origin

361 Despite thecomplex pattern of migrations, hybridizations and genetic radiation in the
362 Tyrrhenian trout historyalso giving rise to rather morphologically distinct populations in
363 Corsica and Sdinia (Figs.8A to 8G), they all share a comparatively large hefid.(6 and

364 7). This contradictory pattern of morphological homogeneity for certain characters opposed to

365 strong differentiation in othetake probablyaccount of the genetic data in the search for

15



366 possible explanations. Turning focus to the overall large head in Tyrrhenian trout, it is
367 noticeable that this character varies extensively within and between different kinds of trouts
368 (Fig. 7). It should be noted that sample sizay considerablyFig. 7) but severabf them

369 can be characterized as typically sptedhaded, e.d5. salar S. obtusirostriandsS.

370 lourosensisNext after the Tyrrhenian trouts, the tiNorth Africanlaketroutsendemic from
371 Morocco, S. akirosandS. pallaryi together withS. marmoratuandS. dentexnhabiting

372  Adriatic basin drainagepossessomparatively largleads. Thus, thers no obvious

373 correlation baveen size of head arbitat antbr lifestyle, e.g. rapid streams.\Jakes and

374 itisfully possible that the large head is a resulh édunde effect duringancient

375 establishment on thslands However, lody proportions can be affected by, e.g. growth rate
376 Barlow (1961) refers to studies where it was shown that head lemgfismaller in faster

377 growing rainbow troytOncorhynchus mykis$hus the comparativeliarge head in

378 Tyrrhenian troutanbe a consequence of slow growth under harsh conddica

379 consequence @arlier sexual maturitfHowever PankhursandMontgomery(1994)showed,
380 also for Q mykissthatretarded growth resdlin larger eyes. The Tyrrhenian trout possesses
381 on the average slightly smaller eyes compareitiamntic S. trutta(Table 3) and consequently
382 retarded growth seems not to be a likely explanation for the large head.

383 The twoSpanish specimengeferred toasSalmosp. MNHN 1920 228-229possess
384 acolorpattern with irregularly distributed spotsofound in soméyrrhenian troutsand

385 are comparatively large headdsdd. 6). Theyprovidean example of what a hypothetical

386 ancestor could have looked like aiicthe interpretation of locality information (Ebro basin)
387 s correctit makes sense as the basin is dominated byhplotypes Corteyet al, 2004)

388 Also, the haplotype ADcs13 found in Ebro is very close to the Tyrrheniahadbtypes

389 (Fig. 4).

390
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5 Conclusions

Data presented herein suggest that within the rather unresdedcomplex in the
Mediterranean regignve may start to peroa a kind of large headed trotitowever,more
populations from thésland and surrounding mainland (Fran&pan, and Italy) need to be
studied to survey the distribution of this morphololjyvould be a large step forward if this
kind of trout could get an identity, i.e. a scientific name to balanuerhaps too broad or
erroneous usage of nammgch asS. truttaandS. macrostigman the Mediterranean region.
This longterm work already begawith several recent molecular papers (S204.8
Tougardet al, 2018;Berrebiet al, 2019 and the present studyhe Tyrrhenian troustudied
here are left without a taxonomic identity but it is clearly demonstratdihe with molecular
data (Tougaret al, 2018), that they show no particular affinity$o macrostigmance

described from Algeria.
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8. Figures captions

Fig. 1. Geographic position of the new sampled populations in Corsica and Sardinia.

Fig. 2. Measurements taken &almospecimens; 1, upper jaw depth, as largest depth of the
maxilla and supramaxilla; 2, snout length, from symphysis of preradgilbsseous orbit

margin; 3, orbital horizontal diameter, between osseous orbital margin; 4, head depth, just
posterior to orbit; 5, orbital vertical diameter, between osseous orbital margin; 6, length of
maxilla, frompremaxilla end to posterior end ofamilla; 7, upper jaw length, from

symphysis of premaxilla to posterior end of maxilla; 8, lower jaw length, from symphysis of
dentary to retroarticular; 9, pectoral fin length, from base of first ray to tip of longest ray; 10,
body depth, at level of origiof dorsal fin; 11, dorsal fin length, from base to tip of longest

ray; 12, pelvic fin length, from base of first ray to tip of longest ray; 13, body depth, at level
of origin of anal fin; 14, adipose fin length, from origin to tip; 15, anal fin lengbim fbase of
first ray to tip of longest ray; 16, caudal peduncle length, from end of anal fin to middle base
of caudal fin; 17, least depth of caudal peduncle; 18, length of upper caudal fin lobe, from
base to tip of longest ray; 19, length of middle cafidaay, from base to tip of shortest ray;

20, length of lower caudal fin lobe, from base to tip of longest ray; 21 standard length (SL),
from upper jaw symphysis to middle base of caudal fin; 22, predorsal length from upper jaw
symphysis to origin of dsal fin; 23, head length, from upper jaw symphysis to posterior tip
of operculum; 24, premaxilla to preoperculum length, froemaxilla end of maxilla to

posterior margin of preoperculum (HLpp); 25, prepelvic length, from upper jaw symphysis to
origin of pelvic fin; 26, preanal length, from upper jaw symphysis to origin of anal fin; 27,
interorbital width, transverse at narrowest part of skull; 28, body width, transverse at widest

part of body at level of dorsal fin origin, above abdominal cavity.
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Fig. 3. Radiograph obalmosp. POZ, NRM62572, 197.3 mm SL; Pozzi di Marmanu Corsica
(same specimen as in Fig. 8E). Upper left; a thin membranous bone indicated with dashed
white line. Upper right; the uncommon condition with thredi)iepurals in the caudal

skeleton.

Fig. 4. Median-joining network of control region haplotypes of some trout samples (new
Tyrrhenian haplotypes and AT, AD, DA, MA, ME and NA haplotypes from GenBank).
Haplotypes are indicated by numbers as given in Table 2. Black circles are for nodes, and

hatch marks are for mutation steps.

Fig. 5. Morphometric PC Il plotted against meristic PC 1$amofrom Sardinia, Corsica

and Spain in comparison to Atlantic baSintrutta

Fig. 6. Premaxilla to preoperculum length plotted against caudal peduncle len&krfoy
from Sardinia, Corsica and Spain in compariso8.tmacrostigmalinear regression |es

with 95% confidence bands are shown for each group separately.

Fig. 7. Box plot of premaxilla to preoperculum length as % of SL, totally 518 specimens 116-
208 mm SL. Number of specimens is given for each sample separately. Samples in bold are
detailed in Table 1. Additional samples given in capital letters (Dellingublished) refer to
rivers or streams in the given regigisble S1) Ezenam is a lake in Daghestan &atatax
represents trout from Black Sea basin with an anadromous silvery and sippearance

Turkey and Mediterranean are samples scattered in the regions.rBpsesent median value

+/- 25% of the observations, and whiskers the inner fences. Asterisks are outside or far

outside values.
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Fig. 8. External aspect of seven of the trout§almosp. analyzed in the present study.
Picture A-F taken after fixation in formalin prior to transfer to ethanol. A. CAM, NRM
61782, 183.7 mm SL; Camboni Sardinia. B. CAR, NRM 62571, 167.6 mm SL; Carnevale
Corsica. C. CHJ, NRM62573, 136.6 mm SL; Chjuvone Corsic®. ESE, NRM 61813,
152.0 mm SL; Val d'Ese Corsica. E. POZ, NRM62572,97.3 mm SL; Pozzi di Marmanu
Corsica. F. SPE, NRM61812, 148.1 mm SL Speloncellu Corsica. G. NIN, Lake Ninu

Corsica © S. Muracciole
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Fig. 1. Geographic position of the new sampled populations in Corsica and Sardinia.
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Fig. 2. Measurements taken &almospecimens; 1, upper jaw depth, as largest depth of the
maxilla and supramaxilla; 2, snout length, from symphysis of premaxilla to osseous orbit
margin; 3, orbital horizontal diameter, between osseous orbital margin; 4, head depth, just
posterior to orbit; 5, orbital vertical diameter, between osseous orbital margin; 6, length of
maxilla, from premaxilla end to posterior end of maxilla; 7, upper jaw length, from symphysis
of premaxilla to posterior end of maxilla; 8, lower jaw length, from symphysis of dentary to
retroarticular; 9, pectoral fin length, from base of first ray to tip of longest ray; 10, body

depth, at level of origin of dorsal fin; 11, dorsal fin length, from base to tip of longest ray; 12,
pelvic fin length, from base of first ray to tip of longest ray; 13, body depth, at level of origin
of anal fin; 14, adipose fin length, from origin to tip; 15, anal fin length, from base of first ray
to tip of longest ray; 16, caudal peduncle length, from end of anal fin to middle base of caudal
fin; 17, least depth of caudal peduncle; 18, length of upper caudal fin lobe, from base to tip of
longest ray; 19, length of middle caudal fin ray, from base to tip of shortest ray; 20, length of
lower caudal fin lobe, from base to tip of longest ray; 21 standard length (SL), from upper jaw
symphysis to middle base of caudal fin; 22, predorsal length from upper jaw symphysis to
origin of dorsal fin; 23, head length, from upper jaw symphysis to posterior tip of operculum;
24, premaxilla to preoperculum length, from premaxilla end of maxilla to posterior margin of
preoperculum (HLpp); 25, prepelvic length, from upper jaw symphysis to origin of pelvic fin;
26, pranal length, from upper jaw symphysis to origin of anal fin; 27, interorbital width,
transverse at narrowest part of skull; 28, body width, transverse at widest part of body at level
of dorsafin origin, above abdominal cavity.



Fig. 3. Radiograph o5almo sp. POZ, NRM62572, 197.3 mm SL; Pozzi di Marmanu Corsica (same
specimen as in Fig. 8E). Upper left; a thin membranous bone indicated with dashed white line. Upper
right; the uncommon condition with three (i-iii) epurals in the caudal skeleton.
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ATcs16 Atlantic lineage
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Fig. 4. Median-joining network of control region haplotypes of some trout samples (new
Tyrrhenian haplotypes and AT, AD, DA, MA, ME and NA haplotypes from GenBank).
Haplotypes are indicated by numbers as given in Table 2. Black circles are for nodes, and
hatch marks are for mutation steps.



+

<
>
s
£
(o]
+
++ e
+H+ +
-t v
+F L Ty
+
e
T

Morphometric PC Il
X
<
g%
A
o]
Xa,
+
4T
+
T

<o

+
o
F

+=F_"|__,_
L

+ 4
+

++'_|'|_
+
-+

gaco g
#

+

++
&

4+

+
#
+

+

+
+
hy

Meristic PC |

Fig. 5. Morphometric PC Il plotted against meristic PC 1$@mofrom Sardinia, Corsica

and Spain in comparison to Atlantic baSirtrutta.

Sardinia
o CAM

Corsica
OSPE
v POZ
7 ESE
A CAR
<CHJ
X NIN

»Salmo sp. Spain
+Salmo trutta
Atlantic basin



Fig. 6. Premaxilla to preoperculum length plotted against caudal peduncle len§trfoy
from Sardinia, Corsica and Spain in comparisof tnacrostigmalLinear regression lines
with 95% confidence bands are shown for each group separately.
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Fig. 8. External aspeatf seven of the trouts
analyzed in the present studior A to F, the
pictures were taken after fixation in formalin
prior to transfer to ethanol.

A. Salmosp.CAM, NRM 61782, 183.7
mm SL;Camboni Sardinia

B. Salmosp.CAR, NRM 62571, 167.6 mm C. Salmosp.CHJ,NRM62573, 136.6
SL; Carnevale Corsica mm SL;Chjuvone Corsica.

E. Salmosp.POZ,NRM62572, 197.3

D. Salmosp.ESE, NRM 61813, 152.0 mm mm SL;Pozzi di MarmanCorsica.
SL; Val d'EseCorsica.

G. Salmosp.NIN, Lake NinuCorsica

F. Salmosp.SPE,NRM61812, 148.1 mm SL © S. Muracciole

SpeloncelluCorsica.



Table 1.Studied material obalmofrom Sardinia and Corsica and selected comparative material (Table€&#&hg numbers are given for the

Tyrrhenian samples only.

Taxon River/Lake Region Date of N Museum Reference Remarks
capture Collection
Salmospp. Sardinia Sardinia 19091960 9 ZMH, MHNG Delling and Incomplete locality data
Doadrio (2005)
CAM Camboni Sardinia 20102012 8 NRM 61782, this study
61783
65092
Salmospp. Corsica Corsica 18951909 10 MNHN, NMW, Delling and Incomplete locality data
BMNH Doadrio (2005)
SPE Speloncellu Corsica 2011 5 NRM 61812 this study
POz Pozzi di Marman  Corsica 2012 5 NRM 62572 this study
ESE Val d'Ese Corsica 2011 5 NRM 61813 this study
CAR Carnevale Corsica 2012 5 NRM 62571 this study
CHJ Chjuvone Corsica 2012 5 NRM 62573 this study Morphology only
CHA Chjuva Corsica 2004 5 this study Genetics only
NIN Lake Ninu Corsica 2013 5 NRM 65092 this study
Salmo spSpain** Spain 1920 2 MNHN this study
Salmo macrostigma * EIl Abaich River Algeria 18661907 9 MNHN, BMNH, Dellingand Syntype included
NMW Doadrio (2005)
Salmo pallaryi * Lake Sidi Ali Morocco 19271936 17 MNHN, BMNH, Dellingand Syntypes included
NRM Doadrio (2005)
Salmo pellegrini * Tensift River Morocco 1931 1 NMW Delling and Syntype
Doadrio (2005)
Salmo akairos* Lake Ifni Morocco 1995 10 NRM, MNCN Delling and Holotype and paratypes
Doadrio (2005)
Salmo trutta Details in reference European Atlantic basin 18271999 243 Delling (2002) Numerous samples from several
countriesand collections
Salmo salar Details in reference European Atlantic basin 18821998 40 Delling (2002) Numerous samples from several
countriesand collections
Salmo marmoratus  Po,Adige, Soca anc Italy, Slovenia and Bosni¢ 18231998 77 NRM, ZISP, Delling (2002)
Neretva Rivers and Herzegovina MNHN, BMNH,



NMW

Salmo carpio* Lake Garda Italy 19711998 13 NRM, ZISP, Delling (2002) Neotype included
BMNH
Salmo ischchan* Lake Sevan Armenia 24 NRM, ZISP
Salmo letnica* Lakes Ohrid and  Albania, Macedonia and 18901995 11 NRM, ZISP, Delling (2003) Endemic to Ohrid but stocked intc
Prespa Greece MHCH, ZMH Prespa lakes
Salmo platycephalus* Seyhan Turkey 19662003 3 NRM, ZMH Turanet al.(2012) Holotype included
Salmo obtusirostris  Jadro and Netva  Croatig Bosnia and 18832000 19 NRM, ZMH, Delling (2003)
Rivers Herzegovina ZISP, MNHN,
MHCH
Salmo ohridanus* Lakes Ohrid and  Albania, Macedonia and 19242002 13 ZMH, MNHN Delling & Doadrio Endemic to Ohrid but stocked intc
Prespa Greece (2005) Prespa lakes
Salmo lourosensis*  Louros Stream Greece 1977 7 NRM Delling (2010)
Salmo peristericus*  Agios Germanos  Greece 1977,1998 9 NRM Delling (2010)
Stream
Salmo dentex Neretva and Cetina Bosnia and Herzegovina 1843 5 NMW, NRM Delling (2010) Lectotype included

Rivers

*) Endemic taxa and/or samples restricted to type locality
**) Locality data for MNHN 1920 0228-0229: Spain, Lerida, Sarrade, 2052 miaisterpreted as close to the mountain Pic de la Pala Alta de Sarradé (2893
m, 42° A,0° o E) in the Lerida/Lleida region in Catalonia, Spain, most probably part of Ebro basin.



Table 2. Distribution of the haplotypes involved in this study

Haplotypes  Accession Number References / Samples Locality of first observation
ATcsl4 EF530476 Corteyet al.(2009) Iceland (Skorradalsvatn R.)
ATcs16 EF530478 Corteyet al.(2009) Spain Several Cantabric rivers)
ATcs20 EF530482 Corteyet al.(2009) Russia (Vorobiex R.)
ATcs26 EF530488 Corteyet al.(2009) Spain (Duero R.)
ATcs28 EF530490 Corteyet al.(2009) Spain (Tajo R.)
ATcs30 EF530492 Corteyet al.(2009) Spain (Tajo R.)
ATcs43 EF530504 Corteyet al.(2009) Spain (Duero R.)
ATcs45 EF530505 Corteyet al.(2009) Iceland (Skorradalsvatn R.)
ATcs50 EF530510 Corteyet al.(2009) UK (Stour R.)

ADC1 DQ381567 6 X & @tlaN(2007) Montenegro :’ivi’fsr;’ia Albania (3
ADM1 DQ381566 6 X & @tlaN(2007) Montenegro ;Vsefsr;’ia Albania (3
ADcs14 AY836343 Corteyet al. (2004) France (Corsica)
ADcs15 AY836344 Corteyet al.(2004) France (Corsica)
Mala DQ841191 Meraneret al. (2007) Italy (Po R.)
Ma2a DQ841189 Meraneret al. (2007) Italy (Po R.)
Ma2b DQ841190 Meraneret al. (2007) Italy (Po R.)
MAcs1 AY836365 Corteyet al.(2004) Slovenia(2 Adriatic rivers)
MEcs1 AY836350 Corteyet al.(2004) Spain (8 watersheds)
MEcs3 AY836352 Corteyet al.(2004) Spain (8 watersheds)
MEcs8 AY836357 Corteyet al.(2004) Spain (8 watersheds)
Dala AY185568 Duftneret al.(2003) Austria(5 Danubian rivers)
Dalb AY 185569 Duftneret al.(2003) Austria (Lake Gossenkdllesee)
Da2 AY185570 Duftneret al.(2003) Austria (Fressnitzbach R.)
Da3 AY185571 Duftneret al.(2003) Austria (Kleiner Kamp R.)
Da9 AY185572 Duftneret al.(2003) Austria (Kleiner Kamp R.)
Da9a GQ222380 Jadaret al, unpubl. Croatia (Plitvica R.)
Da22 AY185573 Duftneret al.(2003) Austria (2 Danubian rivers)
Da23a AY185574 Duftneret al.(2003) Austria (Kleiner Kamp R.)
Da23b AY185575 Duftneret al.(2003) Austria (Lohnbach R.)
Da24 AY185576 Duftneret al (2003) Austria (Waldaist R.)
Da26 DQ841194 Meraneret al. (2007) Italy (Po R.)
NAcrl LT617612 Tougardetal. (2018) Italy (Anapo R., Sicily)
NAcr2 LL-'II-'%]J?GG:!I-.i Tougardet al (2018) Italy (Anapo R., Sicily)
NAcr3 LT617630 Tougardet al.(2018) Algeria (EFAbaich oued)
NAcr4 LT617631 Tougardet al.(2018) Algeria (EFAbaich oued)
NAcr5 LT617632 Tougardet al.(2018) Morocco
ADcr2 MK18491620 CAM (this survey) Italy (Sardinia)
ADcr3 MK1832_241;3,43034, SPE ESE CHA (this survey) France (Corsica)
ADcr4 MK184926-29 POZ (this survey) France (Corsica)



ADcr5
ADcr6
MAcrl
MAcr2
MEcrl

MK184935
MK184943
MK18493840
MK18493637
MK18494549

CAR (this survey)
CHA (this survey)
CAR (this survey)
CAR (this survey)
NIN (this survey)

France (Corsica)
France (Corsica)
France (Corsica)
France (Corsica)
France (Corsica)




Table 3. Morphometry oSalmospp.Number of studied specimens (N) for certain measurements varies due to condition of preserved
spedmens.

TyrrhenianSalmo Salmo macrostigma Salmo trutta

N min max mean SD N min max mean SD N min max mean SD

Standardength (mm) 38 116.3 208.5 158.6 23.5 9 129.9 208.0 151.5 25.92 138 1185 207.3 1606 26.6
In percent of standard length
Preanal length 38 742 802 76.7 129 9 734 781 759 1.45 138 72.8 819 76.4 1.56
Prepelvic length 38 54.6 63.0 56.8 149 9 516 56.3 53.6 1.83 138 50.4 60.8 55.2 1.79
Predorsal length 38 46.2 51.6 48.8 1.38 9 44.8 495 47.1 158 138 44.0 50.9 47.6 1.42
Head length 38 253 327 281180 9 233 26.2 249 0.89 138 22.6 29.5 255 1.27
Premaxilla to preoperculutength 38 17.2 245 20.3 1.64 9 16.1 18.0 17.2 0.65 138 158 215 17.9 1.02
Caudal peduncle length 38 15.0 183 16.6 0.74 9 17.3 195 183 0.77 138 14.6 19.8 17.3 0.97
Caudal peduncle depth 38 97 124 112051 9 99 120 11.1 0.69 138 8.7 11.8 10.1 0.68
Length of upper caudal fin lobe 32 175 225 199 1.02 9 184 229 20.7 1.71 134 16.8 23.4 20.4 1.28
Length of lower caudal fin lobe 33 17.6 21.5 19.9 0.96 9 19.3 22.3 209 1.22 134 15.1 23.3 20.4 1.39
Length of middle caudal finray 38 11.0 169 144 1.10 9 119 144 13.0 0.81 137 109 155 13.4 0.90
Dorsal fin height 38 15.0 199 171131 9 150 195 17.3 1.33 138 12.1 19.1 16.1 1.22
Pectoral fin length 38 163 235 193 174 9 16.6 20.6 18.7 1.27 138 150 21.6 18.4 1.22
Pelvic fin length 38 127 186 154129 9 130 16.7 149 1.03 137 11.8 17.2 14.3 0.94
Adipose fin length 38 57 114 86157 9 55 83 7.2 091138 43 105 84 1.12
Anal fin length 37 128 231 174220 9 17.0 19.8 183 0.79 138 135 18.8 16.1 1.16
Body width 38 124 173 147 118 9 10.3 121 114 064 138 7.6 16.0 12.3 1.60
Body depth at origin of dorsal fin 38 19.7 27.3 235 1.65 9 247 282 26.6 1.02 138 19.7 28.2 23.9 1.55
Body depth at origin of anal fin 38 16.2 20.5 18.2 091 9 192 219 20.1 0.90 138 13.1 24.7 17.8 1.26
Head depth 36 132 196 159159 9 131 16.1 143 0.90 138 12.0 17.3 13.8 0.82
In percent of head length

Horizontal orbit diameter 38 221 306 26.6 199 9 265 34.1 30.0 2.33 138 22.8 33.4 28.4 2.16
Vertical orbitdiameter 38 189 27.0 234200 9 20.8 277 246 2.31 138 189 28.2 23.7 1.97
Interorbital width 38 232 298 263179 9 264 28.6 27.8 0.77 138 24.2 335 285 1.83
Snout length 38 234 311 27.0166 9 218 288 256 222 138 21.0 29.0 25.2 1.49
Upperjaw length 38 50.2 659 57.2357 9 493 56.0 525 1.91 138 43.4 61.8 52.1 2.51
Length of maxilla 38 40.8 545 46.0 2.89 9 38.3 453 424 204 138 343 50.1 41.6 2.15
Height of maxilla 38 93 152 116129 9 94 119 10.7 077 138 9.0 13.1 11.0 0.83
Lower jaw length 38 59.3 719 64.6 333 9 588 66.9 61.1 244 138 53.4 69.0 61.5 2.66
Gill raker length 38 6.0 110 76109 9 74 108 88 108135 50 102 7.6 0.89




Table 4. Frequency distribution of scale counts from base of adipose fin to lateral line and left
side brachiostegal counts iBalmospp.

scales from base of adipose left side
fin to lateral line branchiostegals

11 12 13 14 15 16 17 18 19 20 21 22 23 8 9 10 11 12 13
Salmospp. Sardinia 3 2 4 5 3 2
CAM 2 1 3 2 4 4
Salmospp. Corsica 1 2 1 1 4 2 8
SPE 1 1 3 2 3
POZ 4 1 2 3
ESE 1 2 1 1 12 2
CAR 3 1 1 3 2
CHJ 1 1 3 1 4
NIN 3 11 2 3
Salmo spSpain 1 1 2
Salmo macrostigma 5 3 2 6 1
Salmo pallaryi 1 4 4 5 3 3 311
Salmo pellegrini 1 1
Salmo akairos 1 2 5 2 1 4 5
Salmo trutta 8 5590 61 23 4 1 4 40 111 80 8
Salmo salar 2 5 815 9 1 9 16 15
Salmo marmoratus 4 83324 6 2 1 7 293 5
Salmo carpio 1 2 5 4 1 2 5 2 41
Salmo ischchan 1 6 5 4 4 4 1 8 12 3
Salmo letnica 2 5 4 7 3 1
Salmo platycephalus 1 1
Salmo obtusirostris 3 9 7 3 8 8
Salmo ohridanus 6 6 1 4 9
Salmo lourosensis 3 4 5 2
Salmo peristericus 4 6 2 2 9 1
Salmo dentex 2 2 1 1 2 2




Table 5. Frequency distribution of vertebral counts and caudal fin upper procurrent rays in
Salmospp.

vertebrae caudal fin upper procurrer
rays
52 53 54 55 56 57 58 59 60 61 62 63 10 11 12 13 14 15 16 17

Salmospp. Sardinia 1 2 11 1 311
CAM 1 6 1 4 4
Salmospp. Corsica 1 35 3 2 2 2
SPE 1 2 2 1 4
POZ 2 3 5
ESE 1 4 311
CAR 1 3 1 11 3
CHJ 1 31 11 3
NIN 1 2 2 4 1
Salmo spSpain 11 1 1
Salmo macrostigma 4 3 5 2
Salmo pallaryi 3132 1 4 11 4
Salmo pellegrini 1 1
Salmo akairos 6 3 1 1 351
Salmo platycephalus 3 1 2
Salmo obtusirostris 1 49 1 85
Salmo ohridanus 1 331 17
Salmo trutta 1 1548693815 1 4 316072 28
Salmo salar 11615 7 1 1 8 31
Salmo marmoratus 5144215 1 1 303210 5
Salmo carpio 5 7 2 2 7 5
Salmo ischchan 2 6 12 2 2 79 31
Salmo letnica 1 313 161
Salmo lourosensis 2 41 5 2
Salmo peristericus 3 9 4 6 1
Salmo dentex 2 3 2 2 1




Table 6.Frequency distribution of gill raker countsSalmospp.

total number of gill rakers on first arch

13 14 15 16 17 18 19 20 21 22 23 24 -

Salmospp. Sardinia 2 1 1 1
CAM

Salmospp. Corsica 1 2 1
SPE

POZ

ESE

CAR

CHJ

NIN 2
Salmo spSpain

N WWw

w

PRPPNFPWOWWNO A
WWkE Pk

PN

w
N
=

Salmo macrostigma 1 2
Salmo pallaryi 2 6
Salmopellegrini

Salmo akairos 4
Salmo platycephalus

Salmo obtusirostris 2
Salmo ohridanus 2 4 5 2

Salmo trutta 1 14 46 99 54 25 4

Salmo salar 4 12 18 5 1
Salmo marmoratus 1 4 12 18 28 14
Salmo carpio 2 6 5
Salmo ischchan 6
Salmo letnica
Salmo lourosensis 2
Salmo peristericus 3 5 3
Salmo dentex 3
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SUPPLEMENTARY INFORMATION: Studied material of Salmospp.
Primary material of Tyrrhenian trout Salmosp. from Corsica and Sardinia
NRM 61783, 61950, 61812, 61813, 62571, 62572, 62573, 65092

Comparative material (Figures 5-6, Tables 3, S2 and S3)
Primary and comparative material is also included in Fig. 7 and Tables 4-6 together with additional
comparative material listed below.

Salmo macrostigméiom Algeria
BMNH 1866.1.18:1-3
MNHN A7585 (SYNTYPE), 0000-1909, 1899-0242
NMW 67970

Salmosp. Spain
MNHN 1920 0228-0229

Salmo trutta Atlantic basin
BMNH 1865.7.10:2-12, 1866.1.8:1-4, 1947.9.12:1-3, 1982.11.15:6-9, 1986.5.20:208-213,
1986.5.20:94-95, 1991.7.12:18-20
MHNG 816.8
MNHN 0000-3639, 0000-3640, 0000-3643, 1923-0216, 1939-0017, A5532, A5533, B0722
NMW66013
NRM 20125, 20126, 23404, 23406, 23661, 24343, 24344, 24345, 24357, 24361, 24841, 36995,
41373, 41781, 41785, 41785, 41790, 41791, 41793, 41794, 42540, 42541, 42542, 42548, 42549,
42551, 42558, 438, 44037, 44475, 44780
ZMH 10712, 10733, 10734, 10738, 1206, 5672, 5735, 6346

Additional comparative material (Figure 7, Tables 4-6)

Sequence of listed taxon or geographic region follows Fig. 7 (left to right) and inclusion of a particular
spedmen in Fig. 7 and/or Tables 4-6 depends on SL, state of preservation and, availability of X-ray
data for Take 5.

Salmo salar
MNHN 0000-1441, 1898-1143, 1894-0004, 1894-0005, 1939-0016
NRM 21142, 24914, 41372, 42545, 42546, 42547, 46136
ZMH 10727, 10714

EZENAM (Salmo ezenami
ZISP 28356, 48317

Salmocf. labrax
BMNH 1913.5.25:1-3, 1962.9.25:1, 1991.7.12:21-22
NMW 65628, two uncatalogued specimens

TURKEY
NMW 80837, 90952, 50581, 50582, 50583
ZMH 2450, 3578, 4222, 4223, 4224

STRYMON
NRM 60790, 60791



ALFIOS
NRM 46352, 60785

MORNOS
CMK 16980
NRM 60789

EVINOS
CMK 16975
NRM 46353, 60786

ACHELOOS
NRM 46357

Salmo loursensis
NRM 60787 (HOLOTYPE), 60788

THYAMIS
NRM 46355, 46356

AOOS
NRM 46354

ZETA
NMW 22904, 22905, 22906, 22907, 22908

Saimo peristericus
NRM 42538, 60784

Salmo letnica
MHCH 2573.92
MNHN 1977-0262
NMW 65650
ZMH 791, 9182
ZI1SP39456

Salmo ohridanus
CMK17387
MNHN1924-0227, one uncatalogued specimen
ZISP 39455
ZMH 790, 1461

Salmo obtusirostris
MHCH 608.66
MNHN A6037, A7589, 1904-0032
NRM46364
ZISP39451
ZMH10743

Salmo marmoratus



BMHN 1924.3.14:2-3, 1924.3.14:4-6, 1924.3.14:7-10, 1924.3.14:11-13
MNHN 0000-3635, 0000-3636, 0000-4920, B1139

NMW 65890, 65895

NRM 41516, 41519, 41522, 41523, 41528, 41529, 44701, 44702, 44703
ZISP 48210

Salmo dentex
NMW 65864, 65887, 65895 (LECTOTYPE), 95248
NRM 25000

NERETVA
NRM 46358, 46359, 46361, 46362, 46370

KRKA
NMW 65860, 65915, 65930

Salmo trutta(Atlantic basin, not listed above)
BMNH 1885.9.18:11-21, 1908.4.28:4, 1908.4.28:5, 1937.9.15:9-14, 1947.8.15:1-2, 1991.7.12:18-20
MHNG 642.70, 816.8
MNHN 0000-2898, 0000-2909, 0000-3634, 0000-3638, 0000-3639, 0000-3641, 0000-3642, 0000-
3649, 0008650, 0000-3651, 0000-6321, 1923-0215, 1982-0480, A5532, A5533
NRM 24849, 24866, 24885, 24894, 24895, 24903, 45239, 42543, 42544, 42559
ZMH 1206, 6344, 10718, 10721, 10731, 10736

OUM ER RBIA
BMNH 1934.10.25:1-2
MNCN 208127-139
MNHN 1925-0350, 1925-0351, 1977-0282

BETH
MNHN 1920-0200, 1926-0013, 1977-0272, 1977-0285

MARTIL
BMNH 1887.12.23:4-10

MESSAOUD
MNHN 1926-0018, 1926 0019, 1926-0020, 1926-0021, 1926-0022, 1926-0023, 1926-0024, 1926-
0025, 1926-0026, 1926-0027

MOULOYA
MNHN 1926-0014, 1926-0015, 1926-0016, 1926-0017, 1947-0018, 1977-0269

Salmo pellegrini
NMW 19546 (SYNTYPE)

Salmo pallaryi
BMHN 1926.5.5:1
BMHN 1926.6.24:1
BMHN 1934.10:3-5



MNHN 1923-0066 (HOLOTYPE), 1925-0341, 1925-0342, 1925-0343, 1925-0344, 1925-0346, 1925-
0347, 19253348, 1925-0349, 1977-0261, 1977-0273, 1977-0280
NRM41452

Salmo akairos
MNCN 115018-029, 115022 (HOLOTYPE)

Salmosp.(Corsica and Sardinia)
BMNH 1901.6.4:1-6, 1909.2.25:14
MHCH 730.22
MNHN 1896-0005, 1896-0006, 1896-0007, 1896-0008, 1896-0009, 1896-0010, 1896-0011
NMW66115
ZMH4302

MEDITERRANEAN
BMNH 1877.1.6:3-4, 1887.1.6:1-2, 1901.8.6:6-7, 1940.2.10:1-3
MHCH 52.82
MNHN 0000-0002, 0000-2575, 0000-3646, 0000-3652, 0000-3653, 000-3354, 1960-0347
nrm7190
ZMH4221

Salmo carpio
NMW 59704, 65957
NRM 28000 (NEOTYPE), 41539
ZISP40513 40514, 48207



Table S2. Character loadings on principal component |-V for 24 measurements taken on
Salmofrom CorsicaSardinia, Spain and Atlantic basin.

PCI PCII PC Il PC IV PCV
Standard length (mm) 0.165 -0.039  -0.003 0.013 0.011
Preanal length 0.170 -0.036 -0.002 0.014 0.014
Prepelvic length 0.178 -0.029 0.003 0.010 0.013
Predorsal length 0.169 -0.027  -0.001 0.006 0.013
Head length 0.175 0.016 0.005 0.002 0.008
Premaxilla to preoperculum lengtt  0.188 0.028 0.006 0.003 0.007
Caudal peduncle length 0.144 -0.065 0.001 0.015 0.023
Caudal peduncle depth 0.153 -0.016 0.014 -0.026 -0.027
Length of middle caudal fin ray 0.167 0.005 -0.008 0.013 -0.016
Pectoral fin length 0.150 0.004 -0.010 0.018 -0.016
Pelvic fin length 0.165 0.004 -0.006 0.007 -0.015
Adipose fin length 0.157 -0.056 0.009 0.004 -0.020

Body depth at origin of dorsal fin ~ 0.161 -0.048 0.011 -0.016  -0.030
Body depth at origin of anal fin 0.168 0.018 0.016 -0.002 0.003

Head depth 0.137 0.035 -0.010 0.051 -0.005
Horizontal orbit diameter 0.144 0.055 -0.012 0.040 -0.002
Vertical orbit diameter 0.180 -0.029 0.013 -0.006 0.000
Interorbital width 0.193 0.024 0.028 -0.038 0.027
Snout length 0.204 0.055 0.022 -0.018 0.019
Upper jaw length 0.163 0.040 0.000 -0.014  -0.047
Length of maxilla 0.199 0.035 0.019 -0.012 0.011
Height of maxilla 0.177 0.003 -0.106  -0.034 0.010
Lower jaw length 0.165 -0.039 -0.003 0.013 0.011
Gill raker length 0.170 -0.036 -0.002 0.014 0.014

Variance explained (%) 879 3.78 1.99 137 1.06




Table S3. Character loadings on principal component |-V for 16 meristic characters taken on
Salmofrom CorsicaSardinia, Spain and Atlantic basin

PC I PCIl PCIIl PCIV PCV

Scales along lateral line

Scales from base of adipose finateral line 0.706 0.151 0.136 0.106 0.078

Left side branchiostegals -0.369 0486 0022 -0.035 -0.184
Right side branchiostegals 0578 0324 -0.265 0.105 -0.454
Gill rakers on lower limb 0.552 0307 -0.201 0.058 -0.579
Gill rakers on upper limb 0.019 0.751 0.368 -0.017 -0.069
Total number of gill rakers -0.377 0515 0457 0.092 0.181
Vertebral counts -0.218 0.804 0518 0.044 0.066
Abdominal vertebrae 0875 0017 0220 0.107 0.135
Caudal vertebrae 0.764 -0.111 0.347 -0.358 -0.019
Dorsal fin position 0.360 0.182 -0.124 0.704 0.220
Anal fin position 0623 -0291 0338 0.075 0.199
Dorsal fin pterygiophores 0.794 -0.104 0.346 -0.292 0.039
Interneurales 0.448 0229 -0412 0.057 -0.208
Anal fin pterygiophores 0.608 0.092 -0.035 0.015 0.213
Caudal fin upper procurrent rays 0.160 0.136 -0.353 0.551 0.312
Caudal fin lower procurrent rays 0.158 0371 -0.581 -0.412 0.409

Variance explained (%) 27149 15194 11905 8422 6.897






