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In this study, multiple molecular markers [genotyping of 12 nuclear microsatellite loci and the
protein-coding gene ldh-c1 * plus sequencing of the mitochondrial DNA (mtDNA) control region]
were employed to investigate the genetic structure of the two trout forms, Salmo cettii and Salmo
fibreni , inhabiting Lake Posta Fibreno, central Italy. The two forms were found to share a unique
mtDNA haplotype, belonging to a widespread Mediterranean haplogroup (AD). Bayesian clustering
analyses showed that these two forms correspond to well-defined autochthonous gene pools. Genetic
introgression between the two gene pools, however, was observed, whose frequency appears to
correlate with the environmental features of the spawning sites. The interplay of selection for the
spawning sites, philopatry and natural selection can be argued to maintain genetic differentiation
despite the lack of complete reproductive isolation. © 2013 The Authors
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INTRODUCTION

Salmonids exploit available ecological space by means of an extraordinary pheno-
typic variation that originates by a complex interplay of phenotypic plasticity, genetic
divergence and hybridization (Hutchings, 2011). Thus, salmonids represent valuable
model systems for the study of evolutionary processes (Stearns & Hendry, 2004).
Geographically separated populations exposed to different selective pressures have
been shown to undergo local adaptation (Fraser et al ., 2011) and many instances
of partial or complete reproductive isolation among phenotypes occurring in sympa-
try have been reported (Ferguson & Mason, 1981; Sell & Spirkovski, 2004; Sušnik
et al ., 2007; Bernatchez et al ., 2010).

Therefore, both natural selection and limited gene flow (due to geographical,
i .e. allopatric differentiation, and ecological, i .e. sympatric differentiation, barri-
ers) play a decisive role in the evolution and maintenance of genetic variation.
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In turn, differentiation between populations at genetically determined adaptive traits
sets the conditions for the evolution of intrinsic reproductive barriers and, ultimately,
speciation (Bernatchez et al ., 2010). On the other hand, even ecologically and phy-
logenetically distant evolutionary units, within different salmonid genera, have been
proven to hybridize extensively (Leary et al ., 1995; Kahilainen et al ., 2011).

As a consequence of the complexity of evolutionary process in salmonids, the
taxonomy of this group is still very unstable. Several described taxa were defined
on the basis of morphological differences and geographic isolation and still await
molecular assessment of their genetic identity (Kottelat & Freyhof, 2007; Jonsson &
Jonsson, 2011).

The Mediterranean Sea basin harbours the largest share of the taxonomic, eco-
logic and phylogenetic diversity in the Salmo trutta L. 1758 complex (Kottelat &
Freyhof, 2007). A significant portion of this genetic heritage has been lost, how-
ever, owing to environmental degradation, overfishing and stocking of allochthonous
strains (Poteaux et al ., 1999; Berrebi et al ., 2000). Anthropogenic pressure has been
especially intense in the Italian peninsula. Most residual Italian Salmo spp. popula-
tions, in fact, display strong introgression due to massive stocking of non-native S .
trutta (Gandolfi et al ., 1991; Nonnis Marzano et al ., 2003; Caputo et al ., 2004).

Two different forms of salmonids have been recognized for centuries in Lake
Posta Fibreno (central Italy) and its tributaries (Salviani, 1554; Carbone, 1965).
Zerunian & Gandolfi (1986) reviewed the variation in external morphology (mostly
size and colour pattern) of Posta Fibreno Salmo spp. and identified two reference
autochthonous form types, which they referred to as macrostigma [until recently,
autochthonous S . trutta in the Tyrrhenian basin were referred to as Salmo trutta
macrostigma (Duméril 1858), Gandolfi et al ., 1991] and fibreni. A third form (leop-
ardo) was also described, scarcely different from macrostigma (essentially showing a
higher number of dark spots on the flanks). The last type was tentatively interpreted
as a possible hybrid between the autochthonous macrostigma and an allochthonous
fario type (hatchery S . trutta). The leopardo form has not been mentioned in later
literature (Gandolfi et al ., 1991).

Further investigation led the same authors to classify the fibreni form as a new
species of Salmo, endemic to the Posta Fibreno basin: Salmo fibreni Zerunian &
Gandolfi 1990 (Zerunian & Gandolfi, 1990). The description of the new species
was based on the significant differences in meristic characters (number of vertebrae)
between samples of fibreni and macrostigma visually assigned a priori (Zerunian
& Gandolfi, 1990). The most significant difference between the two forms, how-
ever, is probably the size at sexual maturity; Zerunian & Gandolfi (1990) reported
that all fibreni males >12 cm total length (LT) and all females >14 cm LT were sex-
ually mature, while the corresponding figures for macrostigma were reported by
Gibertini et al . (1990) at 17–19 cm and 28–30 cm LT, respectively. Fibreni individ-
uals >23 cm LT were never reported, so that Gandolfi et al . (1991) hypothesized that
the fibreni form attains sexual maturity at the end of its first year and very rarely
survives through the second and third years. At present, the distinctive colour pat-
terns (Zerunian & Gandolfi, 1986, 1990; Gandolfi et al ., 1991) are, along with the
size of mature individuals, de facto practical standards to identify the two forms for
management-related and conservation-related activities (Fig. 1). Recent taxonomical
syntheses (Kottelat & Freyhof, 2007) retain S . fibreni as a valid taxon, and con-
sider Salmo cettii Rafinesque 1810 to be the valid name for all other autochthonous
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Fig. 1. Representative adult individuals of the (a) macrostigma and (b) fibreni phenotypes. Fishes were pho-
tographed prior to release on a mm scale. All photographs are presented at approximately the same
scale. Colour pattern features considered in the analyses are highlighted. Individual codes beside each
photograph refer to sampling site and individual identification.

Salmo spp. in the Tyrrhenian basin. The phenotypic characters given by Kottelat &
Freyhof (2007) for S . cettii are essentially identical to (and largely based on) the
description of the macrostigma (and leopardo) form from Lake Posta Fibreno given
by Zerunian & Gandolfi (1986) and Gandolfi et al . (1991). Therefore, in the interest
of consistency with previous literature, the name macrostigma will be used to refer
to the phenotypic form described by Zerunian & Gandolfi (1986) and Gandolfi et al .
(1991).

Both the macrostigma and fibreni forms can, at least occasionally, be found
throughout the lake and its tributaries. Fibreni individuals, however, are most fre-
quently captured and seen along the eastern shores of the lake (Zerunian & Gandolfi,
1986, 1990; Gandolfi et al ., 1991; D’Orsi & Seminara, 2010). Spawning of fibreni
individuals has been reported at karstic springs, either flowing directly into the lake
or feeding the south-eastern tributary Torrente Dova (Zerunian & Gandolfi, 1986,
1990; Gandolfi et al ., 1991; D’Orsi & Seminara, 2010) (Fig. 2). According to Gib-
ertini et al . (1990), spawning of the fibreni form peaks from December to January,
although females with mature gonads have been observed from October to April
(Zerunian & Gandolfi, 1990; Zerunian et al ., 1994). On the other hand, macrostigma
spawning is known to occur from late December to February in streams and rivers of
the Posta Fibreno basin. On account of morphological and phenological differences,
hybridization between fibreni and macrostigma has been regarded as being, at most,
very rare (Gandolfi et al ., 1991). No genetic data, however, have yet been published
to support the differentiation of fibreni and macrostigma in the Posta Fibreno basin.
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Fig. 2. Map of the Posta Fibreno basin showing the location of the five sites where Salmo spp. samples
were collected. The boundary of the Riserva Naturale Lago di Posta Fibreno are shown ( ). Main
hydrological features (areas with karstic springs and the lake’s tributaries Torrente Dova and Torrente
Carpello) are also indicated.

Data on allozyme variation (V. Sbordoni, unpubl. data) did not reveal any signif-
icant differences between the two forms. Patarnello et al . (1994) analysed 593 bp
of the mitochondrial genome from a single fibreni and two macrostigma individuals
from Posta Fibreno, finding no nucleotide polymorphisms. The only reported genetic
difference (although not allelic polymorphism) between fibreni and macrostigma pop-
ulations is from Alfei et al . (1996), who found a significant difference in the size
of the nuclear genome (C value) of 11 visually determined fibreni males and nine
macrostigma males.

Along with Salmo carpio L. 1758 of Lake Garda, S . fibreni is one of the two
salmonid species strictly endemic to Italy (Gandolfi et al ., 1991; Kottelat & Freyhof,
2007). Because of its very restricted distribution, it is listed as Vulnerable D2 in the
IUCN Red List of Threatened Species (Freyhof & Kottelat, 2008a) and as Critically
Endangered at a national level (Zerunian, 2002). Moreover, S . cettii populations in
the Posta Fibreno basin have often been regarded among the most representative of
the autochthonous gene pools in the Italian peninsula, and previously were referred
to as macrostigma (Gandolfi et al ., 1991). This taxon is regarded as Near Threatened
in the IUCN Red List (Freyhof & Kottelat, 2008b) and as Endangered in the Italian
red list (Zerunian, 2002). The lake and its surroundings have been designated as a
protected area (Riserva Naturale Lago di Posta Fibreno, RNLPF) since 1983, with
the main aim of preserving the basin’s unique ichthyofauna.

In this study, genetic variation in mitochondrial DNA (mtDNA) sequences and
nuclear markers was analysed in 105 individuals sampled across the Posta Fibreno
basin in order to: (1) determine the genetic structure of the local Salmo spp. forms
and (2) assess the degree of reproductive isolation of S . fibreni and evaluate its
recognition as a distinct endemic species. The analysis of widely applied standard
nuclear and mtDNA markers and the inclusion of a hatchery sample in the genetic
analyses allowed allochthonous introgression in the Posta Fibreno Salmo spp. to
be estimated and to take this into account in the examination of the local genetic
structure.
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MATERIALS AND METHODS

S A M P L I N G

Lake Posta Fibreno is a very small karstic lake in central Italy (42◦ 37′ N; 13◦ 45′ E). The
surface area of the lake is 0·29 km2 and average depth is 2·5 m (maximum depth: 15 m). The
lake is fed by karstic springs with a relatively constant flow (Boni, 2000), and it has clear
and well oxygenated water at a constant temperature of c. 10◦ C year-round.

Sampling was carried out from 11 February 2003 to 13 March 2004 (Table I). One hundred
and five wild individuals were collected by fish traps (maximum opening diameter = 80 cm,
maximum length = 180 cm, mesh size = 15 mm; site 1) or electrofishing (sites 2–5) at five
different locations in the Posta Fibreno basin (Table I and Fig. 2). The use of two different
sampling techniques, both guaranteeing the full survival of all captured individuals, was
justified by the dissimilar hydromorphology of the sites. Site 1 is a small complex of semi-
natural underground pools fed by karstic springs. These pools receive water from karstic
aquifers and drain into the lake. Site 2 consists of the uppermost reaches (c. 50 m) of the
lake’s tributary Torrente Dova. Sampling sites 3, 4 and 5 are located along streams flowing to
or from Lake Posta Fibreno (Fig. 2). All sites are within the RNLPF, except for site 5, which is
located just downstream of a small dam (<1 m high), 3 km from the RNLPF boundary (Fig. 2).
RNLPF managers consider sites 3 and 4 as well-known spawning sites of the macrostigma
population, while fibreni is known to occur in relatively high density and to spawn at sites 1
and 2.

Body mass (M B) and LT of sampled fish were immediately measured and samples were
photographed. A small fragment (<1 cm2) of the anal fin was cut, immediately placed in
80% ethanol and then stored at −70◦ C for DNA extraction. Individuals were sexed by
gently stripping the abdomen for ripe gametes. When no release of gametes occurred, the
individuals were classified as sub-adults. After sampling, all individuals were released at the
site of capture.

An S . trutta sample (n = 23) from a hatchery stock of predominantly Atlantic origin was
used as an external reference to identify introgression of hatchery-origin genes. The sample
was obtained on 23 July 2004 from the Centro Ittiogenico della Provincia di Roma, Jenne,
Rome, which had been in charge of stocking S . trutta in the Posta Fibreno basin until the
practice was abandoned in the late 1970s.

A NA LY S I S O F P H E N OT Y P I C T R A I T S

According to Zerunian & Gandolfi (1990) and Kottelat & Freyhof (2007), mature individ-
uals of the fibreni and macrostigma forms significantly differ in size (LT and MB), number
of parr marks (M P) and number of pigmented spots (SP), although all of these measurements
were reported to show some overlap. In order to objectively assign sampled individuals into
phenotypic categories, the above traits were analysed. M P was defined as the number of large
areas (at least larger than the eye) of tenuously pigmented skin crossing the lateral line on
one flank of the fish; SP was defined as the number of areas of the skin with a distinctly
darker (blackish or brown-reddish) colour than the background and larger than a single scale
on one flank of the fish. Spots on the head of the fish, when present, were not considered.
As a certain degree of subjectivity is inevitable in this count, the measurements were taken
by two different researchers, and mean values, rounded to the lower integer, were used in
further analyses.

For each variable, the normality of distribution was checked within each sampling site by
the Shapiro–Wilk (SW) test (correction for multiple tests by the Bonferroni method). Vari-
ables with significant SW tests in at least one sample were ln transformed to normalize their
distributions. The equality of the means of normally distributed variables across sampling sites
was compared by ANOVA test, using the aov function in R [all R functions used in this article
belong to the basic {stats} package, R Development Core Team; http://www.R-project.org/].
ANOVA assumptions about normal distribution and homoskedasticity of residuals were visu-
ally checked by inspecting plots of observed v . theoretical quantiles (Q–Q plot) and residuals
v . fitted values. Post hoc pair-wise comparisons were performed by Tukey’s HSD (R function:
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Table I. Samples and external morphology. Morphological traits have been measured on
adult Salmo spp. only. Adult individuals with available data for all four morphological traits
were included in multivariate analyses (principal component analysis and cluster analysis)

Sampling site 1 2 3 4 5

Date (2004) 8 March 13 March 11 February 19 February 27 February
n 15 16 46 7 21
Sub-adults 0 1 0 1 1
Males 6 9 30 3 6
Females 9 6 5 3 13
Sex not determined 0 0 11 0 1
Pigmented spots (S P)
n 14 15 31 5 18
Mean 14·2 11·3 77·5 41·6 54·7
s.d. 8·3 6·8 50·8 20·1 28·8
Minimum 4 0 23 22 19
Maximum 32 27 270 70 124
Parr marks (M P)
n 13 15 23 4 16
Mean 7·3 8·0 11·2 13·2 10·4
s.d. 0·6 0·9 1·2 2·2 1·6
Minimum 6 6 8 11 7
Maximum 8 9 13 16 13
Total length (LT, cm)
n 15 15 35 6 9
Mean 15·2 16·0 29·6 26·7 25·0
s.d. 3·1 3·2 5·7 5·5 4·4
Minimum 11 12 17 21 16
Maximum 23 25 42 36 35
Body mass (M B, g)
n 15 15 35 6 9
Mean 39·4 49·2 313·3 243·7 184·3
s.d. 23·8 33·6 177·6 182·4 91·7
Minimum 15 18 55 108 44
Maximum 112 153 850 580 430
Multivariate morphological analyses
n 12 15 23 3 16
Fibreni 12 14 0 0 1
Macrostigma 0 1 23 3 15

TukeyHSD). When the SW test remained significant after ln transformation in at least one
sample, Kruskal–Wallis test (R function: kruskal.test) was used to compare sample medians
and post hoc pair-wise comparisons were performed by Mann–Whitney U -tests (R function:
wilcox.test). In the latter case, correction for multiple tests was performed by the Bonferroni
method.

In order to obtain a synthetic description of external morphology, a principal component
analysis (PCA) was performed on the four phenotypic variables, LT, MB, MP and SP. Prior to
the PCA calculations, variables were ln transformed when it allowed normalization of their
distribution and were scaled by dividing each variable by its s.d. PCA was performed using the
prcomp function in R. Only sexually mature individuals whose photographs allowed confident
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determination of both SP and M P were included in the morphological analyses (Table I). An
operational classification of individual phenotypes into discrete categories was obtained by
a k -means cluster analysis (R function: kmeans; default method, 1000 random starts) of the
complete PCA scores (PC1–PC4).

G E N OT Y P I N G

DNA was extracted from the fin tissue by overnight incubation in C-Tab buffer (Doyle
& Doyle, 1987) containing 3 U ml−1 K-proteinase and by chloroform extraction. The entire
mtDNA control region (CR) was PCR-amplified using PST and FST primers (Cortey &
García Marín, 2002) and sequenced in both directions, using the same primers employed for
amplification, on a sub-set of 48 individuals: 12 specimens were analysed from site 1, 11
from site 2, 16 from site 3, five from site 4 and four from site 5.

All sampled fish (105 from Posta Fibreno and 23 S . trutta from the hatchery) were geno-
typed at 12 microsatellite loci: BS131, 543AE, T3-13 (Estoup et al ., 1998), Str15 (Estoup
et al ., 1993), MST591, MST79, MST28 (Presa & Guyomard, 1996), Strutta12, Strutta58
(Poteaux et al ., 1999), Ssa410, Ssa408 (Cairney et al ., 2000) and SsaD71 (King et al ., 2005).
PCR conditions followed the cited literature. One primer of each pair was end-labelled with
fluorescent dyes FAM (Invitrogen; www.invitrogen.com), NED or VIC (Applied Biosys-
tems; www. appliedbiosystems.com). Fragment analysis was performed on ABI Prism® 3100
Genetic Analyzer (Applied Biosystems).

Retinoic lactate dehydrogenase (ldh-c1) is a highly polymorphic enzyme in the S . trutta
complex. The two commonest alleles are *100 , found at very high frequency in Mediterranean
populations, and *90 , which is naturally restricted to north-west Europe (Hamilton et al .,
1989). Most hatchery stocks in Europe show a high frequency of the allele *90 . The frequency
of allele *90 is therefore considered a good proxy for the introgression of hatchery genes in
natural Mediterranean populations (Machordom et al ., 1999; Berrebi et al ., 2000; McMeel
et al ., 2001; Nonnis Marzano et al ., 2003). Assay of the enzyme-coding gene ldh-c1 * by
PCR restriction fragment length polymorphism (RFLP) allowed an estimate of allochthonous
introgression directly comparable with allozyme-based literature to be obtained. Genotyping
followed the protocol by McMeel et al . (2001), consisting of the PCR amplification of a 440 bp
fragment, followed by digestion with bsl I bacterial endonuclease (New England Biolabs;
www.neb.com).

A NA LY S I S O F M T D NA C O N T RO L R E G I O N DATA

Nucleotide sequences of the mtDNA CR were aligned and edited in MEGA 5.0 (Tamura
et al ., 2011). The basic local alignment search tool (BLAST) (http://blast.ncbi.nlm.nih.gov/)
was used to compare the obtained sequences to the ones published in the NCBI GenBank and
to produce a neighbour-joining (NJ) tree on the matrix of Jukes–Cantor nucleotide distances.

A NA LY S I S O F P O LY M O R P H I S M AT N U C L E A R L O C I

The software package Genetix 4.05.2 (Belkhir et al ., 1996–2001) was used to calculate
genetic variation parameters (observed heterozygosity and unbiased expected heterozygosity),
allelic frequencies, F -statistics (significance tested by 1000 permutations) and to test for
genotypic disequilibrium between pairs of loci (1000 permutations). Correction for multiple
tests was performed by the Bonferroni method.

G E N E T I C S T RU C T U R E

A factorial correspondence analysis (FCA) was performed in Genetix 4.05.2 in order to
explore the distribution of allelic diversity at nuclear loci (microsatellites and ldh-c1 *).

Bayesian assignment tests implemented in the software Structure 2.3.3 (Pritchard et al .,
2000), were used to estimate the number of genetic clusters and to evaluate the degree of
admixture among them. Structure is based on a Bayesian approach and uses a Monte-Carlo

© 2013 The Authors
Journal of Fish Biology © 2013 The Fisheries Society of the British Isles, Journal of Fish Biology 2013, 82, 637–657



644 P. G R AT T O N E T A L .

Markov-Chain (MCMC) algorithm to assign individuals to K genetic clusters. The admix-
ture model (with both correlated and uncorrelated allelic frequencies among populations)
implemented in Structure was used to obtain estimates (and 90% credibility intervals) for the
proportion of ancestry (Q) of each individual genotype in each of the K clusters. MCMCs
were run for 1 000 000 generations after 100 000 generations of burn-in. In order to estimate
the number of genetically distinct clusters (K ), analyses were run for several values of K .
Ten replications were performed for each value of K . The value of K corresponding to the
highest mean probability of the data was chosen as the best estimate for the number of genetic
clusters (after checking for consistence across replicates). The value of the statistic �K was
used to identify the greatest rate of change between each subsequent K (Evanno et al ., 2005)
and thus determine the uppermost level of the structure.

The results from the Structure analysis were used to test the hypothesis that the degree of
genetic admixture was equal across sampling sites by performing a Kruskal–Wallis test on
the highest Q value for each individual. Post hoc pair-wise comparisons were performed by
Mann–Whitney U -tests with Bonferroni correction.

T E S T O F G E N E T I C I N T RO G R E S S I O N V . H Y B R I D I Z AT I O N

The hypothesis that reproductive isolation between the fibreni and macrostigma forms does
not break down beyond the first hybrid generation (F1) was explicitly tested by the algorithm
implemented in the software NewHybrids (Anderson & Thompson, 2002). This programme
implements a Gibbs sampler to estimate the posterior probability (P ) that genetically sampled
individuals fall into each of a set of user-defined hybrid categories, namely: parental from gene
pools 0 or 1 (P0 or P1), P0 × P1 (F1), F1 × F1 (F2), F1 × P0 or F1 × P1 backcrosses (BX0 or
BX1). Computations were performed assuming Jeffreys-like priors for allele frequencies (h)
and mixing proportions (p) and without extra priors on specific allele frequency information.
Three independent simulations were run to check for consistency in the convergence of
Markov chains, with a burn-in of 100 000 steps, followed by a sampling period of 1 000 000
iterations. The rationale of the test was as follows: if F1 hybrids between the two forms were
not fertile, all individuals should belong to one of the two parental categories (P0 and P1)
or to the F1 category. The presence of individuals whose sum of posterior probabilities for
P0, P1 and F1 was <0·05 was therefore taken as evidence that genetic introgression proceeds
further than just occasional F1 crosses.

RESULTS

E X T E R NA L M O R P H O L O G Y

Morphological analyses were conducted on 90 mature fish; sex was not determined
for 12 individuals and only three individuals were classified as sub-adults (Table I).
As sexual maturity was determined by the presence of ripe gametes, it is possible
that a few adult specimens were actually sampled after the spawning season was
over and therefore incorrectly assigned to sub-adult class. The limited number of
sub-adults observed (n = 3), however, made this potential problem irrelevant.

SW tests indicated non-normality of distribution (P < 0·05) for all variables in
at least one sampling site. The distribution of ln LT, ln M B and ln SP was con-
sistent with a normal distribution in all samples (SW, all P > 0·05). Both M P
and ln M P were non-normally distributed in three samples (SW, P < 0·05 in sam-
pling site 1 after Bonferroni correction). Three variables (M P, ln LT and ln M B)
showed a bimodal global distribution when data were pooled across sampling sites,
although for none of them a distribution gap was apparent [Fig. 3(a)–(c)]. The size
of sampled fish ranged from LT = 9·5 cm, M B = 8 g to LT = 42 cm, M B = 850 g. The
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Fig. 3. External morphology. (a, b, c) Pair-wise scatterplots of total length (LT), number of parr marks (M P)
and number of pigmented spots (SP). (d) Scatterplot of principal components 1 (PC1) and 2 (PC2) from
the principal component analysis performed on four phenotypic traits. Samples from each sampling site
are indicated ( , 1; , 2; , 3; , 4; , 5;). Ranges of the macrostigma ( ) and fibreni ( ) forms in the
phenotypic space [(a, b, c) according to Zerunian & Gandolfi (1990) and Kottelat & Freyhof (2007) and
(d) according to the operational definition based on k -means cluster analysis].

smallest mature individual was a male caught at site 1 (LT = 11 cm, M B = 15 g;
Table I).

Inspections of Q–Q plots and fitted v . residuals plots did not reveal any obvious
deviation from ANOVA assumptions. The mean size of individuals strongly differed
across sampling sites (ln LT: F = 47·5, P < 0·001; ln M B: F = 52·1, P < 0·001). The
mean size of sexually mature fish sampled at sites 1 and 2 was significantly smaller
than at sites 3, 4 and 5 (Tukey’s HSD: all P < 0·001 for both ln LT and ln M B).
Very small mature individuals (M B < 30 g, LT < 15 cm) were only sampled at sites
1 and 2 and only three adults with M B < 90 g were caught at sites 3, 4 and 5. On
the other hand, no fish weighing >170 g were sampled at sites 1 and 2. Also, fish
from site 5 were significantly smaller than fish from site 3 (Tukey’s HSD: P < 0·01
for both ln LT and ln M B).
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A similar difference was also found in colour pattern traits, as samples from sites
1 and 2 showed significantly lower mean values for both S P and M P (all post hoc
tests: P < 0·05) (Table I). No significant differences in M P and S P were observed
between sites 1 and 2 or among sites 3, 4 and 5.

The combined distributions of size (LT) and colour pattern traits, superimposed
with the ranges of variation reported for macrostigma and fibreni by Zerunian & Gan-
dolfi (1990), Gibertini et al . (1990) and Kottelat & Freyhof (2007) are illustrated in
Fig. 3(a)–(c). Values outside the reported ranges were observed for both S P and M P
in sites 1 and 2, and a few individuals did not fall into any of the two described ranges
in bivariate spaces [e.g . four individual with S P > 20 and M P < 9 were observed;
Fig. 3(c)]. Most individuals from sites 1 and 2, however, fell within the ranges of
variation reported for the fibreni form, while the macrostigma traits, as described
from literature, are most common at sites 3, 4 and 5. Furthermore, the plot of LT
and S P values [Fig. 3(b)] showed two non-overlapping clouds, widely superimposed
to the ranges attributed to the fibreni and macrostigma forms in earlier studies.

All morphological variables were positively correlated with each other. Besides the
obvious, near-perfect, correlation between LT and M B (Pearson’s coefficient = 0·96,
P < 0·001), both colour pattern variables (ln SP and M P) showed a positive correla-
tion with body size when data from all individuals were considered altogether [M P v .
LT: Pearson’s coefficient = 0·69, P < 0·001; S P v . LT: Pearson’s coefficient = 0·58,
P < 0·001; Fig. 3(a), (b)].

PCA allowed deriving a synthetic descriptor of the phenotypic variation, as the
first principal component (PC1) explained 82% of the total variance. Moreover, two
phenotypic groups could be clearly distinguished in the PCA space [Fig. 3(d)], with
only a single individual from site 2 placed in a somewhat intermediate position on
PC1. In the k -means analysis (k = 2), the two groups consisted of all phenotypes
with PC1 < −0·5 and all phenotypes with PC1 > 0·1, respectively. The between-
group sum of squares was 71% of the total sum of squares. The loadings of the four
phenotypic variables into PC1 are all positive (ln M B: 0·53; ln LT: 0·52; M P: 0·48;
ln SP: 0·46), all the variables being strongly and significantly correlated with PC1 (ln
M B: Pearson’s coefficient = 0·95; ln LT: Pearson’s coefficient = 0·94; M P: Pearson’s
coefficient = 0·87; ln SP: Pearson’s coefficient = 0·83; all P < 0·001). Therefore, low
values of PC1 are associated with small sexually mature individuals with fewer parr
marks and spots, thus corresponding very well to the available descriptions of the
fibreni form and, vice versa , higher values of PC1 match well with the macrostigma
form. In the following, the two clusters thus obtained are used as operational defini-
tions of the macrostigma and fibreni phenotypes. The number of individuals assigned
to each of the groups at each sampling site is given in Table I.

M T D NA P O LY M O R P H I S M

A fragment of 999 bp of the mtDNA CR was successfully sequenced in 48
wild-caught individuals from the Posta Fibreno basin. All the individuals shared the
same haplotype (GenBank accession number JQ314219). The most similar sequence
in the GenBank database (last searched 30 October 2011) was ADcs20 (GenBank
accession number AY836349.1), a haplotype first described by Cortey et al . (2004)
in Mediterranean S . trutta differing by two A-G transitions. The NJ tree showed
that the novel haplotype is clearly included in the AD mitochondrial haplogroup
(Bernatchez, 2001).
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L D H - C 1 * P O LY M O R P H I S M

The global frequency of the Atlantic allele ldh-c1 *90 was 0·09 in natural samples,
ranging from 0·00 in the very small sample from site 4 to 0·21 in site 5, outside the
RNLPF. Within the RNLPF, the highest frequency of the allochthonous allele was
found at site 2 (0·12).

M I C RO S AT E L L I T E P O LY M O R P H I S M

Of the 12 microsatellite loci analysed, 11 were polymorphic in the samples from
Posta Fibreno. Locus MST28 was monomorphic, as all samples (including the
hatchery samples) shared the same allele. The mean observed heterozygosity across
loci in the natural sample was 0·543, ranging from 0·477 in site 1 to 0·607 in site 2.
Values of F IS were non-significantly positive for all samples (P > 0·05) except for
sample from site 2, which showed a non-significant heterozygosity excess (F IS =
−0·052, P > 0·05). No evidence of linkage disequilibrium was found in the natural
samples, as all the possible combinations within samples were non-significant after
correction for multiple tests.

G E N E T I C S T RU C T U R E

The genetic structure of the Posta Fibreno samples was analysed by including
a reference S . trutta sample from a hatchery strain used for stocking in the same
region. The FCA on all 13 nuclear loci (Fig. 4) separates the Posta Fibreno samples
from hatchery samples on the first factor. A few individuals, mostly from sample 5,
appear to be intermediate between the Posta Fibreno main cluster and the hatchery
cluster. The Posta Fibreno samples were spread along factor 2: all individuals with
macrostigma phenotype were assigned high scores, while all samples from site 1
(all fibreni phenotype) and the individual from site 5 with fibreni phenotype were
assigned lower scores. Thus, there was an apparent association between phenotypic
and genetic clustering for all samples from sites 1, 3, 4 and 5. Individuals from
sample 2 (one macrostigma and 14 fibreni phenotypes), however, were scattered
along factor 2.

The individual clustering pattern and admixture proportions obtained following
the uncorrelated frequency model and the correlated frequency model in Structure
were virtually the same. Results from the uncorrelated frequency model are reported
here. When Posta Fibreno and hatchery samples were analysed together in Structure,
testing values of K from 1 to 10, the model with three genetic clusters (K = 3)
corresponded to the highest probability of the data [Fig. 5(a)], while the model with
K = 2 returned the highest �K [Fig. 5(b)]. In the K = 2 model, one cluster corre-
sponds to the hatchery sample, with a few admixed individuals in the Posta Fibreno
samples [Fig. 5(c)]. In the K = 3 model [Fig. 5(d)], the hatchery cluster remained
virtually unchanged, whereas the Posta Fibreno cluster was split in two: all but one
individual with macrostigma morphotype were assigned to one of the new clus-
ters with Q > 0·90 and all but one individual with fibreni phenotype from site 1
and the one from site 5 were assigned to the second new cluster with Q > 0·90.
One individual from site 1 (fibreni phenotype) and one from site 5 (macrostigma
phenotype) were assigned intermediate Q values (not assigned to any of the clus-
ters with Q > 0·90). Consistent with the results from FCA, samples from site 2
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Fig. 4. Scatterplot of factor 1 and factor 2 of a factorial correspondence analysis based on 12 polymorphic
nuclear loci (11 polymorphic microsatellite loci and ldh-c1 ) from Salmo spp. The number in parentheses
indicates the percentage of inertia contained in each factor. Samples from each sampling site are indicated
( , 1; , 2; , 3; , 4; , 5; , hatchery).

were assigned to both clusters, with five individuals (31%) assigned intermediate
values.

In order to further investigate the genetic structure within the Posta Fibreno sam-
ples, a second analysis was performed in Structure after removing all individuals
that were assigned a Q > 0·05 for the allochthonous cluster in the first analysis
with K = 2. In this second Structure analysis, which tested K values from 1 to 5,
K = 2 corresponded to both the highest probability of the data and the highest �K
[Fig. 6(a), (b)]. The assignment of individuals to the two Posta Fibreno clusters in
this last analysis [Fig. 6(c)] was virtually the same as in the first analysis with K = 3
(Pearson’s correlation coefficient = 1·00).

In the latter analysis, the mean of the highest Q value in samples 1, 3, 4 and
5 ranged from 0·98 to 0·99, while in sample 2 it was 0·89. The Kruskal–Wallis
test rejected the equality of admixture across sites with P < 0·001. Pair-wise
Mann–Whitney U -tests were significant for comparisons of site 2 with sites 1, 3 and
5 (sample 4 has a very small sample size, n = 7). Results from the latter analysis were
used to compare the genetic and morphological assignment by plotting Q values for
the macrostigma cluster against the scores of the PC1 calculated on phenotypic traits
[Fig. 6(d)]. While the global correlation was obvious (Pearson’s coefficient = 0·744,
P < 0·001), no apparent correlation was found for those samples with intermediate
(Q < 0·95 in both clusters) Q values (Pearson’s coefficient = 0·29, P > 0·05).

G E N E T I C I N T RO G R E S S I O N V . H Y B R I D I Z AT I O N

The NewHybrids software was run on the same set of samples retained for the
second Structure run (individuals with significant allochthonous genetic profiles were
removed). The three independent runs gave virtually identical results and mean pos-
terior probabilities (P ) from the three runs are reported. Most individuals (62%) were
assigned to one of the two parental categories with P > 0·90 (53% with P > 0·95).

© 2013 The Authors
Journal of Fish Biology © 2013 The Fisheries Society of the British Isles, Journal of Fish Biology 2013, 82, 637–657



G E N E T I C D I F F E R E N T I AT I O N I N S Y M PAT R I C S A L M O S P P. 649

0·
0

0·
2

0·
4

0·
6

0·
8

1·
0

0·
0

0·
2

0·
4

0·
6

0·
8

1·
0

1 2 3 4 5 Hatchery

Q
Q

Sampling site

ln
 p

(X
|K

)

1 2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 910

K

ΔK

(a) (b)

(c)

(d)

5000

4000

3000

2000

1000

0

−4000

−4200

−4400

−4600

−4800

−5000

Fig. 5. Results from Structure 2.3.3 analysis including all Posta Fibreno samples and the hatchery reference
sample of Salmo spp. (a) Estimated ln of p(X |K ) (probability of the data given the number of clusters)
as a function of K (number of clusters). (b) �K statistic (Evanno et al ., 2005) as a function of K . (c)
Assignment of individual genotypes with K = 2. (d) Assignment of individual genotypes with K = 3. In
(c, d), each vertical bar represents an individual genotype and the height of shaded sub-bars represents
the proportion of ancestry (Q) for the individual genotype in each cluster.

Only two, however, were sampled at site 2 (one was assigned to fibreni and one to
macrostigma parental categories). For none of the sampled individuals, the hybrid
category F1 was the most probable (i .e. the category with the highest P ). For
15 individuals, the most probable category was the backcross F1 × macrostigma
(P ranging from 0·49 to 0·92), while for six individuals the most probable category
was F1 × fibreni (P ranging from 0·49 to 0·79). Six individuals (five from site 2 and
one from site 5) had summed posterior probabilities for parental categories (P0 and
P1) and F1 below the 0·05 threshold. The latter result was taken as evidence that
introgression between the macrostigma and fibreni gene pools progresses beyond F1.

DISCUSSION

AU T O C H T H O N Y O F T H E P O S TA F I B R E N O G E N E P O O L S

Traces of the genetic introgression from commercial allochthonous gene pools are
evident in the Posta Fibreno basin, as the allele ldh-c1 *90 (typically fixed in the
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strains from commercial hatcheries) was observed in the fish from most of the sam-
pling sites and a few multilocus nuclear genotypes were genetically similar to those
of the fish from the hatchery. All of the 48 mitochondrial sequences analysed belong
to a haplotype which has never been observed elsewhere, and is clearly related to the
autochthonous Mediterranean AD haplogroup. Several central Italian S . trutta pop-
ulations have been assayed for mitochondrial markers and ldh-c1 * polymorphism
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by Nonnis Marzano et al . (2003) and Caputo et al . (2004). These authors found
frequencies of the ldh-c1 *90 higher than in the sample from Posta Fibreno at 31 of
the 32 sampled sites in central Italy (ldh-c1 *90 was not found in a single sample
with n = 10). Moreover, clearly allochthonous mtDNA was found in most sites sam-
pled by Nonnis Marzano et al . (2003) and Caputo et al . (2004). Similarly, Berrebi
et al . (2000) reported frequencies of ldh-c1 *90 > 0·10 in 10 of their 12 samples
from south-western France. Complete absence of the allochthonous ldh-c1 *90 allele
was observed in two small population samples (n = 15 and n = 6) of Salmo trutta
fario (Salmo cenerinus Chiereghin 1847; Kottelat & Freyhof, 2007) from north-
western Italy: in a sample of S . carpio from Lake Garda and in several population
samples of Salmo marmoratus Cuvier 1829 from north-eastern Italy (Giuffra et al .,
1996). On the other hand, Meraner et al . (2007) found significant or strong mtDNA
introgression in S . marmoratus from South Tyrol. Similarly, Pujolar et al . (2011)
reported allochthonous mtDNA in phenotypically selected samples of S . marmora-
tus from northern Italy. The last study employed microsatellite data to compare their
wild-caught samples to a hatchery reference, as in this study. Their results can be
compared directly, therefore, to the present results. Pujolar et al . (2011) reported
that the proportion of individuals with an estimated fraction of hatchery gene pool
>0·10 ranged from 3·3 to 33·0% in their samples, while this proportion is 2·8% in
the present overall sample, and only 1·2% within the RNLPF.

One of the lowest levels of introgression from stocked commercial strains in the
central Mediterranean basin is therefore observed in the Posta Fibreno populations.
This result shows that the cessation of stocking in the Fibreno basin established c.
30 years ago has been effective in preserving the local gene pools.

G E N E T I C S T RU C T U R E A M O N G AU T O C H T H O N O U S
P O P U L AT I O N S

The genetic analyses showed that the autochthonous Salmo spp. populations of
the Posta Fibreno basin consist of two distinct gene pools [Figs 4, 5(d) and 6(d)].
The morphologic analysis has also shown that a very limited set of phenotypic traits
(namely the body size and the number of parr marks and pigmented spots along the
flanks) can be used to objectively sort sexually mature individuals in two distinct
phenotypic classes, with very little ambiguity [Fig. 3(d)]. These results are in good
agreement with the descriptions provided by Zerunian & Gandolfi (1986, 1990)
for the fibreni (S. fibreni ) and macrostigma (S . cettii ; Kottelat & Freyhof, 2007)
forms, although some minor discrepancies were observed [Fig. 3(a)–(c)]. Phenotypic
and genotypic classes are found in nearly-perfect association at four of the five
sampling sites [Fig. 6(d)]. The analyses therefore show that the fibreni form, strictly
endemic to Lake Posta Fibreno, and macrostigma form, referable to the Tyrrhenian
S . cettii of the Italian peninsula, correspond to two distinct autochthonous gene
pools.

Nonetheless, genetically intermediate individuals were observed, in particular, at
sampling site 2. Data analyses indicated that genetic introgression proceeds beyond
the F1 level, suggesting that reproductive isolation is clearly not complete. Hybridiza-
tion and introgression between distinct taxa, even phylogenetically distant species,
are very common in salmonids (Garcia de Leaniz & Verspoor, 1989; Matthews et al .,
2000; Bettles et al ., 2005; Kahilainen et al ., 2011). Among salmonids of the Italian
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fauna, S . marmoratus is usually regarded as a true species, although it has exten-
sively introgressed with allochthonous S . trutta strains in north-eastern Italy in the
last century (Meraner et al ., 2010). Therefore, the lack of reproductive isolation
cannot be considered to argue against the recognition of S . fibreni as a distinct
species, endemic to the Posta Fibreno basin. In fact, the macrostigma and fibreni
forms have occurred in sympatry for centuries (Salviani, 1554; Carbone, 1965) and
the present data show that this has not caused any complete merging of the two gene
pools. Ecological specialization (e.g . temporal and spatial discrepancies in spawning)
might have played an important role in limiting gene flow between the two forms,
favouring the maintenance of genetic differentiation despite the lack of complete
reproductive isolation.

I N F L U E N C E O F H A B I TAT F E AT U R E S O N H Y B R I D I Z AT I O N

The higher degree of admixture observed at site 2 is consistent with its environ-
mental features, which are intermediate between site 1 on one side and sites 3, 4,
and 5 on the other side. Site 1 consists of underground karstic pools, the preferred
feeding and spawning habitat for S . fibreni , while sites 3, 4 and 5 are streams, the
habitat where macrostigma trout are expected to spawn (Fig. 2). Consistently, most
individuals at site 1 are morphologically and genetically assigned to the fibreni clus-
ters [Fig. 6(d)], as well as the vast majority of samples from sites 3, 4 and 5 are
assigned to the macrostigma clusters. On the other hand, site 2 is found close to the
karstic springs, feeding a very short stream (Fig. 2). It is therefore the only sampling
site where spawning of both the macrostigma and fibreni forms can be expected to
occur.

Influence of habitat features on the degree of admixture of populations has been
observed in areas of hybridization among salmonid species (Charles et al ., 2005;
Rasmussen et al ., 2010). As information about other ecological differences between
macrostigma and fibreni (e.g . feeding ecology) is lacking, the role played by the
selection of spawning sites in maintaining the genetic differentiation between the two
forms can only be hypothesized. Under this hypothesis, frequent interbreeding might
only occur at sites where suitable conditions for the spawning of both phenotypes
are found (e.g . stream stretches very close to karstic springs, as at site 2). An
interesting hypothesis is that, as fibreni males are much smaller than macrostigma,
they can be expected to suffer a competitive disadvantage at spawning sites, so that
hybridization could be asymmetric. Unfortunately, as variation at mtDNA was not
found, this hypothesis cannot be tested with the present data.

M E C H A N I S M S M A I N TA I N I N G G E N E T I C D I F F E R E N T I AT I O N

Selection for spawning sites alone would not guarantee the long-term mainte-
nance of genetic differentiation. In fact, intensive migration among spawning sites
(e.g . between sites 1 and 2) would eventually bring to homogenization of allelic
frequencies. On the other hand, if philopatry of fibreni was very strong, spawning
individuals at site 2 should be expected to represent a unique gene pool, albeit pos-
sibly originated by hybridization. No evidence for this, however, was found in the
genetic analyses. Therefore, natural selection may also be suggested to be acting to
maintain the individuality of the fibreni gene pool. In a plausible scenario, if hatching
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success at typical fibreni spawning sites (e.g . site 1) was lower for admixed geno-
types than for the parental genotypes, this would preserve the genetic distinctiveness
of source populations. Fibreni females lay very few eggs that are larger than in other
S . trutta forms (Gibertini et al ., 1990), a condition typically occurring in the cave-
adapted fish (Poulson, 2001). This suggests that the fibreni form may be especially
adapted to develop in the unusual, buffered conditions found at deep karstic springs.

A S S O C I AT I O N O F P H E N OT Y P E A N D G E N OT Y P E I N
A D M I X E D I N D I V I D UA L S

While the association between genetic and phenotypic assignments was very strong
for most individuals, such a relationship was not apparent for those individuals
with admixed genotypes [Fig. 6(d)]. This suggests that the markers may not be
dense enough to track the phenotypic variation, and that the phenotypic traits which
were scored depend on a few genetic loci. It cannot be ruled out, however, that
phenotypic plasticity determines, at least partially, the development of the fibreni
and macrostigma phenotypes (described in terms of size and colour pattern). The
influence of environmental cues on the fish size at sexual maturity in salmonids is
well known (Jonsson & Jonsson, 2011) and both the colour pattern variables that were
measured correlate with body size. Moreover, colour pattern may itself be influenced
by environmental cues (Bourke et al ., 1997). Under this hypothesis, the genetic and
phenotypic differentiation found in the Posta Fibreno Salmo spp. forms would be
only indirectly related, for example, through behavioural selection of spawning sites,
which would, in turn, influence external morphology via phenotypic plasticity.

In more detail, most admixed individuals found at site 2 had a distinctively
fibreni phenotype, while only one can be considered to be intermediate, and one
was assigned to the macrostigma phenotype [Fig. 6(d)]. Phenotypic plasticity could
be an explanation for this finding, implying that the scored phenotype would be
more strictly related to the site where an individual was caught than to its genotype.
For want of more detailed information about the biology of these populations, how-
ever, at least another tentative hypothesis can be drawn. Considering that (1) fish
from site 2 were sampled on 13 March, and all but one fish collected brought mature
gametes and (2) the typical spawning season of macrostigma ends in February, while
fibreni females are reported to lay eggs through, at least, April, the finding that most
individuals sampled at site 2 were phenotypically fibreni, though showing admixed
genotypes, might be explained by assuming that site 2 is used mostly as a spawning
site, and that the timing of reproduction is strictly associated with phenotypic fea-
tures (e.g . because size at maturity and synchronization of gamete maturation may
be developmentally correlated).

In conclusion, the data confirm that Salmo spp. populations of the Posta Fibreno
basin have a high degree of autochthony, and show that the two described forms,
fibreni and macrostigma, correspond to two well defined gene pools. The results,
therefore, indicate that the recognition of S . fibreni as a distinct, endemic species is
biologically meaningful and managerially useful. Consistent to the current taxonomy
(Kottelat & Freyhof, 2007), the macrostigma form from Posta Fibreno should instead
be regarded as a population of S . cettii .

Genetic introgression between the two gene pools, however, was observed, whose
frequency seem to be correlated with the environmental features of the spawning
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sites. Although several aspects of the biology of Posta Fibreno Salmo spp. forms still
awaits further investigation, the interplay of selection for spawning sites, philopatry
and natural selection may be argued to be acting to maintain genetic differentiation
despite the lack of reproductive isolation. Therefore, the Posta Fibreno basin, besides
representing a refuge of autochthonous biodiversity, is also a valuable micro-scale
model for adaptive divergence and ecologically mediated hybridization in salmonids.
Future conservation measures taken in the Posta Fibreno basin should fully account
for the crucial importance of habitat variation for the maintenance of biological
diversity.
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