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Abstract – The native Mediterranean trout populations in central Italy are at risk of extinction.
Hybridization with the alien Atlantic trout represents one of the major threats to the species. The main aim
of the research was to test the efficiency of morphological characterization in revealing alien trout
introduction, pure lineages and local adaptations, in five watersheds of central Apennines (Italy). Data
analysis was carried out for a total of 258 specimens already genetically identified. The results of the
multivariate analysis, performed using 10 qualitative and 47 quantitative variables, revealed two distinct
phenotypic groups and confirmed, at a morphological level, the genetic separation between Atlantic and
Mediterranean trout. The morphological variables that play a key role in the discrimination of the
Mediterranean trout were: (i) number of parr marks with striped pattern, (ii) adipose fin mainly with white
color and without black spots, and (iii) number of black opercular spots, compared to the Atlantic trout.
The geometric analysis revealed the importance of the spatial arrangements of spots on the fish flank and
the shape of caudal peduncle in discriminating different Mediterranean populations. The information
collected confirmed the powerful of morphological surveys in the screening of conservation status of wild
trout populations.

Keywords: Mediterranean basins / native trout / morphometric characteristics / geometric analysis /
biodiversity conservation

Résumé – L’étude morphologique comme outil puissant d’identification des phénotypes purs et
locaux dans le complexe Salmo trutta. Les populations indigènes de truites méditerranéennes du centre
de l’Italie sont menacées d’extinction. L’hybridation avec la truite atlantique exotique représente l’une
des principales menaces pour l’espèce. L’objectif principal de la recherche était de tester l’efficacité de la
caractérisation morphologique pour révéler l’introduction de truites exotiques, les lignées pures et les
adaptations locales, dans cinq bassins versants des Apennins centraux (Italie). L’analyse des données a été
effectuée pour un total de 258 spécimens déjà identifiés génétiquement. Les résultats de l’analyse
multivariée, réalisée à partir de 10 variables qualitatives et 47 variables quantitatives, ont révélé deux
groupes phénotypiques distincts et confirmé, au niveau morphologique, la séparation génétique entre la
truite atlantique et la truite méditerranéenne. Les variables morphologiques qui jouent un rôle clé dans
la discrimination de la truite méditerranéenne sont : i) le nombre de marques de parr à motif rayé, ii) la
nageoire adipeuse principalement de couleur blanche et sans taches noires, et iii) le nombre de taches
operculaires noires, comparé à la truite Atlantique. L’analyse géométrique a révélé l’importance de
l’agencement spatial des taches sur le flanc du poisson et de la forme du pédoncule caudal pour distinguer
les différentes populations méditerranéennes. Les informations recueillies ont confirmé la puissance
des analyses morphologiques dans le diagnostic de l’état de conservation des populations de truites
sauvages.
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1 Introduction

The Mediterranean basin is characterized by very high
biodiversity values and it was listed among the most important
global Biodiversity Hotspot as regards freshwater fish species
(Myers et al., 2000). In particular, Italy, because of the
presence of a large number of endemic species, can be
considered a crucial area for the fish biodiversity conservation
(Smith and Darwall, 2006). At present, the Mediterranean trout
Salmo cettii Rafinesque, 1810 is considered by some authors
the native stream-resident brown trout of the Apennine and
main islands of Italy (Sardinia, Corsica and Sicily) (Zaccara
et al., 2015; Duchi, 2018), although probably the taxonomy of
the Mediterranean trout has not yet been resolved. The
Mediterranean trout is one of the freshwater fish species
threatened in this area, being the residual native trout
populations listed as Critically Endangered in the IUCN
Red List of Italian vertebrates (Rondinini et al., 2013). It was
also included in Annex II of the Habitat 92/43/CEE for which
‘conservation requires the designation of special area of
conservation’ (Genovesi et al., 2014). The main threats for this
species are represented by water pollution, water abstractions,
interruptions of river continuity, overfishing and introduction
of non-native trout (Largiadèr and Scholl, 1996; Berrebi et al.,
2000; Aparicio et al., 2005; Dudgeon et al., 2006; Clavero
et al., 2010; Araguas et al., 2017). Furthermore, because of
global climate change, it is possible to predict in the
Mediterranean rivers future scenarios with an increase of
the water temperature, resulting in a reduction of the
environments with thermal conditions suitable for the cold-
water species as the brown trout (Ficke et al., 2007; Buisson
et al., 2008; Almodovar et al., 2011; Filipe et al., 2013).
Because of all these threats, it can be assumed a significant
further decline of the wild populations in the future.

As reported for other Italian basins (Nonnis Marzano et al.,
2003; Lorenzoni et al., 2004; Gratton et al., 2014; Zaccara
et al., 2015; Splendiani et al., 2016), also in the central
Apennine watercourses the genetic integrity of the Mediterra-
nean trout is strongly threatened by the introgressive
hybridization with the Atlantic brown trout Salmo trutta s.
s. Linnaeus, 1758 (Giuffra et al., 1996; Poteaux et al., 1999;
Nonnis Marzano et al., 2003; Splendiani et al., 2006, 2013;
Gratton et al., 2013; Carosi et al., 2015; Lorenzoni et al., 2018,
2019), a non-native species introduced in the study area in the
last century in favor of fishing activities (Splendiani et al.,
2016). It is known that the introduction of an exotic species can
cause the extinction of the native species by introgressive
hybridization (Rhymer and Simberloff, 1996). This is
particularly true for salmonid fishes, for the ease with which
the species hybridize and for the massive introduction of
allochthonous specimens carried out with stocking programs
(Poteaux et al., 1999). Indeed, in Italian watercourses trout
fishing is among the most favorite activities for sport anglers
(Pedicillo et al., 2010). In the study area, the hybridization
between Atlantic and Mediterranean trout resulted in the loss
of locally adapted genotypes and in some cases, it led to the
local extinction of the native populations (Splendiani et al.,
2016). However, as reported for some Denmark rivers
(Hansen, 2002), also in the Apennine area previous studies
showed a surprising resilience of native brown trout genetic
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diversity despite the massive stocking activities occurred in the
last decades (Caputo et al., 2004); a selection against stocked
domesticated trout is probably related to the hydrogeological
features of central Apennine rivers (Splendiani et al., 2013).
This aspect has contributed (together with geographical
isolation and poor stream accessibility), to the preservation
of the genetic integrity of some native Mediterranean trout
populations (Lorenzoni et al., 2019; Splendiani et al., 2019).

Despite the high conservational and economic interest of
the Mediterranean trout (Suarez et al., 2001), many aspects of
its biology are still poorly known, and information on
morphological characteristics that allow the distinction of
pure populations (Zaccara et al., 2015) from the Atlantic
species and hybrids is incomplete (Querci et al., 2013).

Thus, the main aim of the research was to test the efficiency
of morphological characterization in revealing alien trout
introduction, pure lineages and local adaptations, through the
previous attribution based on genetic data. The combination of
genetic and morphological characterization offers the oppor-
tunity to identify valid phenotypic traits that allow the
recognition of alien specimens in the field; this allows to better
focus the application of genetic tools to not-attributable
morphological phenotype (i.e. hybrid specimens). With this
purpose the morphological differences between S. cettii and S.
trutta in the central Apennines (Italy), and the morphometric
variability inside the Mediterranean populations already
genetically determined in a rigorous way, were investigated.
This approach was based on: (i) measurement and counting of
traditional morphometric characters, (ii) color pattern charac-
terization, describing number and arrangement of the spots on
various part of the fish body (flanks, head and fins), and (iii)
analyses of the body shape through the identification of
landmarks on the fish profile, that showed anatomical
significance, according to the method proposed by Strauss
and Bookstein (1982). Previous studies have shown the
effectiveness of landmark-based geometric morphometrics, as
a powerful technique for the study of body size and shape
variation, and identification of its causes (Adams et al., 2013).
Indeed, while traditional morphometric measures consider
irregular and redundant aspects of the body shape, the
geometrical analysis is particularly sensitive to the body shape
changes of the specimens, so the distances between landmarks
may play a crucial role in the discrimination among fish stocks
(Lorenzoni et al., 2004). In particular, geometric morpho-
metrics, frequently used in ichthyology (Cadrin, 2000),
provides an effective tool for studying the variability among
congeneric species that hybridize (Hayden et al., 2010), as S.
cettii and S. trutta, and within fish populations. Moreover, one
of the major advantages of the application of morphometric
methods is that the data can be collected quickly in a large
number of specimens, without requiring their sacrifice which is
absolutely to be avoided especially in the case of a species at
risk of extinction (Lorenzoni et al., 2004).

2 Material and methods

2.1 Study area

The study area encompasses four watersheds, namely
Cesano, Potenza, Chienti and Tenna belonging to the Adriatic
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Fig. 1. Study area and location of the sampling sites.
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slope of Italy, and one belonging to the Tirrenic side (Nera
River within the Tiber river basin) (Fig. 1). Except for the
Campodonico creek (Potenza river basin), which flows in a
marl calcareous valley, the remaining basins are characterized
by a mountain calcareous system. In all cases, the main type of
land use is represented by wooded areas. All sites were located
in the upper stream reaches, at a short distance from the
springs. The watercourses considered are of modest dimen-
sions in terms of average width and depth, and have similar
environmental characteristics in terms of hydrogeology and
flow rates; the only exception is represented by the Nera River,
which in the investigated stretches is slightly larger than the
others (Tab. 1). Their torrential features, with marked flow rate
oscillations and a high susceptibility to drought periods in
summer, are made worse by the intensive exploitation for
human use.

2.2 Data collection

Data were collected from October 2010 to June 2016 in
10 sampling sites (Fig. 1). A total of 258 specimens
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belonging to 9 different watercourses were analyzed
(Tab. 1). Fishes were collected by electrofishing, anaes-
thetized, measured in weight and length, placed on a copy
stand and photographed from the left side using a Nikon
D300 camera positioned by means of a tripod on a
millimeter table. For each specimen, an adipose fin clip
was removed and conserved in 99% ethanol until DNA
extraction for further genetic analysis, and a sample of scales
was collected for age determination. The age was attributed
in the laboratory by integrating the scalimetric and the
Petersen methods (Bagenal, 1978).

2.3 Genetic analysis

Genetic analyses were performed by using nuclear markers
(locus LDH-C1* and 11 microsatellites) (see Splendiani et al.,
2019). Bayesian clustering implemented in STRUCTURE
2.3.2.1 was used for estimating the number of groups (k)
represented by all sampled individuals (Pritchard et al., 2000;
Falush et al., 2003). For more details, see Splendiani et al.
(2019).
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Table 1. Morphologic characteristics of the sampling sites, and number of specimens belonging to the different genetic groups according to the
q values: native Mediterranean (q ≥ 0.998), hybrid/introgressed (0.002 < q < 0.998), alien Atlantic (q � 0.002).

Sampling site Basin Watershed
area
(km2)

Distance from
the source
(km)

Average
slope
(%)

Altitude
(m a.s.l.)

Average
width
(m)

Average
depth
(cm)

Mediterranean
group
(n° specimen)

Hybrid group
(n° specimen)

Atlantic group
(n° specimen)

Acquasanta Chienti 7.09 2.65 17.02 800 4.7 15.8 – 12 –

Ambro Tenna 18.23 5.18 11.04 684 3.5 25.2 27 16 –
Campodonico Potenza 32.04 8.53 8.53 491 3.7 16.0 – 15 –
Cesano Cesano 12.06 5.37 5.37 471 3.8 17.9 – 1 63
Cinisco Cesano 9.04 5.42 5.42 447 3.1 13.4 – – 10
Nera Tiber 164.94 33.04 4.27 495 7.0 26.0 3 16 –
San Leonardo Tenna – 1.01 20.69 1008 2.5 20.0 39 – –
Tenna 1 Tenna 21.78 2.27 2.27 920 3.0 13.8 2 – –
Tenna 2 Tenna 22.60 2.99 2.99 830 4.4 15.0 3 12 –
Torsa Tiber 12.38 4.91 4.91 568 3.1 17.4 34 5 –
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STRUCTURE was also used to estimate the admixture
coefficient (q) of each individual and their 95% credible
intervals (CI) in each wild sample. The individual values of q
ranged from 0, that in the present study identifies a pure
domestic trout, to 1, that indicates a pure Mediterranean trout.

2.4 Morphometric analysis

Digital images were processed for the quantification of
morphological variables, and calculation of the frequency of
qualitative variables, using ImageJ software (Abramoff et al.,
2004). According to Strauss and Bookstein (1982), a digital
box truss network of 11 landmarks was created around each
specimen in order to build an archive of comprehensive
representation of fish form (Fig. 2). All measurements have
been taken on the left side of the fish.

Morphological characterization was performed consider-
ing 10 qualitative and 47 quantitative characters, according to
Aparicio et al. (2005), Kottelat and Freyhof (2007) and
Zaccara et al. (2015) (Fig. 2). The black, red and brown spots
were placed on the digital images, their coordinates (x, y) were
collected and subsequently processed in order to rebuild their
spatial arrangement on the fish flank; with this aim, the average
distance of the spots centroids has been calculated with respect
to three reference points placed on the fish body: the fish
centroid, the landmark 1, and the intersection between line
passing through both landmarks 1–7 and the line passing
through both perpendicular and landmark 3 (Fig. 2).

Based on the genetic characterization (see above), fish
were divided into three different groups according to the q
values, namely native Mediterranean (Group1 q ≥ 0.998),
hybrid/introgressed (Group2 0.002 < q < 0.998) and alien
Atlantic trout, (Group3 q � 0.002) (Tab. 1). Analysis of
nominal scale data was carried out using correspondence
analysis (CA), whereas a three-step analysis was elaborated for
ratio scale data. In the first step, a normalization procedure was
applied to remove allometric effects of body size (Lleonart
et al., 2000); in the second step one-way ANOVAwas used to
compare the means of each quantitative variable retained by
redundancy analysis; and in the third step statistically
significant variables of ANOVA were entered in the stepwise
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discriminant analysis (DA) to reveal which variables
discriminated between occurring groups. All statistical
analyses were performed using the following software:
R language and environment for statistical computing
(R Core Team, 2016); Statistica 13 (Dell Inc., 2015). Values
with p < 0.05 were considered statistically significant.

3 Results

The total sample, composed of 258 specimens, was
heterogeneous and representative of all sizes in the population.
The total length ranged from 5.7 to 32.8 cm (mean ± SD=
17.94 ± 4.62) and weight from 5.0 to 362.5 g (mean ± SD=
72.3 ± 57.0). Eight age classes (0þ–7þ) were identified.

25 quantitative variables showed statistically significant
differences among groups at the one-way ANOVA (Tab. 2) and
were retained by redundancy analysis.

Correspondence analysis produced a tight clustering of
specimens into genetic groups and explained the most amount
of variance along the first two axes. The x-axis (which
explained 34.3% of the variance) was controlled by parr marks
with striped pattern, adipose fin with white margin or black
spots and the number of red spots aligned to the fish lateral line.
The y-axis (23.6% of total variance) was mainly driven by the
number of operculum spots and the number of parr marks
(Fig. 3).

The stepwise DA provided two significant discriminant
functions (Wilks’ lambda = 0.254, p< 0.001) which accounted
for 79.0% and 21.0% of variability, respectively (Fig. 4).
Variables that contribute most to the prediction of group
membership are listed in Table 3. Along the axis described by
DF1 the differences between Atlantic and Mediterranean trout
emerged more clearly, although introgressed/hybrid individu-
als tend to overlap the Mediterranean trout with the highest
probability of genetic integrity. According to this analysis and
to the ANOVA results (Tab. 2), the Mediterranean trout was
characterized by having a greater number of parr marks, by a
color pattern characterized by a high intensity of black and red
spots, a high number of opercular black spots, higher height of
anal fin, and frequently by more than two ocular spots. Hybrid
specimens were characterized by a less elongated snout, a
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Fig. 2. (a) Qualitative variables: presence/absence of parr marks,
striped pattern (defined as vertical dark stripes on the body sides of the
fish), black mark in the pre-opercular region, black spot on the
operculum, alignment of red spots mainly along the lateral line,
adipose fin color (brown or white, with or without red, brown and
black spots, with or without red margin); brown spots were given by
the overlap between black and red spots. (b) Box-truss with
localization of brown, red and black spots. (c) Quantitative non-
geometric variables: total length, fork length, height of pectoral, anal
and pelvic fins, number of red spots on the lateral line, number of
ocular and opercular spots, number, frequency (i.e. abundance),
intensity (i.e. the ratio between the number of spots and the fish
surface) and proportion (i.e. the ratio between the number of spots of a
certain color and the total number of spots) of brown, black and red
spots on the flank, number, perimeter and area of parr marks. (d)
Quantitative geometric variables. Two-dimensional landmarks posi-
tions and relative twenty-two distances: (1) anterior tip of the snout at
upper jaw; (2) transition point between trunk and snout; (3) anterior
insertion of the dorsal fin; (4) posterior insertion of the dorsal fin; (5)
anterior insertion of the adipose fin; (6) dorsal insertion of the caudal
fin; (7) median insertion of the caudal fin; (8) ventral insertion of the
caudal fin; (9) insertion of the anal fin; (10) insertion of the pelvic fin;
(11) insertion of the pectoral fin; in addition the following distances
were calculated: the distances between the spots centroid and the fish
centroid, the distances between the spots centroid and landmark 1, the
average distance of brown spots from the intersection between
landmark 1–landmark 7 and the perpendicular and the land mark 3
(black circle).
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dorsal fin with a wider base, and a higher proportion of brown
spots. The higher number of red spots aligned to the fish lateral
line appeared to be a distinctive character for the Atlantic
specimens.

Regarding the differences between Mediterranean individ-
uals broken down by sampling site, the discriminant analysis
on Mediterranean group revealed significant differences
among the three populations considered (Ambro, San
Leonardo and Torsa populations) (p < 0.001). The Tenna
and Nera populations were excluded from the analysis because
of the low number of specimens. Two significant discriminant
functions were provided (Wilks’ lambda = 0.069, p < 0.001),
with the first two accounting for 77.0% and 23.0%,
respectively (Fig. 5). The variables extracted from the stepwise
analysis are shown in Table 4. Specimens located to the right
side of DF1 belonged to the San Leonardo creek. The variables
that contributed most to explain these positions were: the
distances between landmarks located mainly in the caudal part
of the fish (6–7, 9–10, 5–8, 7–8, 6–9, 8–9); the proportion of
red spots, the number of red spots aligned along the lateral line,
and the distance between landmark1-brown spots centroid.
The ANOVA results allowed us to highlight that the San
Leonardo creek population was characterized by a less high
pectoral fin, a more elongated caudal peduncle indicated by the
higher distances between landmarks 6–7 and 7–8, a larger
number of red spots on the lateral line and by the grouping of
the brown points at the back of the flanks (Tab. 5).

Along DF2, the Torsa population partially overlaps with
that of Ambro river. The variables that distinguish the Torsa
population were the more extended pectoral fins, the larger
proportion of red spots and a smaller frequency of brown and
black spots (Tab. 5).
4 Discussion

The present research is based on an approach that is
different from the one used in the classical works of
morphometry, in which the specimens are grouped according
to different liveries (Zaccara et al., 2015). In fact, in this case
the morphological analyses were carried out on genetically
characterized specimens. This approach resulted in very
detailed information about the correspondence between
genotypic and phenotypic characteristics of the analyzed
specimens. The results obtained confirmed the efficiency of
morphological tools in detecting brown trout introduction in
wild populations; they acquire a relevant meaning, also
considering that relatively few studies have been carried out on
the role of morphological characters in the discrimination of
native and introduced brown trout in Italy.

Results of both the correspondence analysis and the linear
discriminant analysis, performed using both qualitative and
quantitative variables, revealed two distinct phenotypic groups
and confirmed, at a morphological level, the genetic separation
between Atlantic and Mediterranean trout. Our analysis
indicates that a set of phenotypic traits could be useful for
differentiating alien brown trout from native ones; moreover,
these traits could help in a preliminary assessment of a trout
population status, allowing the identification of alien speci-
mens during field monitoring. More difficulties persist,
however, in the identification of hybrids with respect to
f 11



Table 2. Variables that showed statistically significant differences among genetic groups (Mediterranean, Introgressed/Hybrid, Atlantic) at the
one-way ANOVA.

Variables Genetic group F p

Mediterranean
(n = 108)
mean ± SD

Hybrid
(n = 77)
mean ± SD

Atlantic
(n = 73)
mean ± SD

Height of anal fin 2.58 ± 0.31 2.37 ± 0.09 2.35 ± 0.16 11.82 0.000

Distance between landmarks 1–2 1.64 ± 0.12 1.53 ± 0.04 1.63 ± 0.08 13.38 0.000
Distance between landmarks 1–3 7.52 ± 0.20 7.36 ± 0.24 7.56 ± 0.19 2.70 0.031
Distance between landmarks 1–10 8.83 ± 0.23 8.85 ± 0.08 8.85 ± 0.20 2.81 0.026
Distance between landmarks 2–9 10.69 ± 0.24 10.94 ± 0.16 10.97 ± 0.19 14.26 0.000
Distance between landmarks 3–4 2.36 ± 0.17 2.46 ± 0.36 2.32 ± 0.14 3.49 0.009
Distance between landmarks 3–5 5.70 ± 0.21 5.90 ± 0.13 5.60 ± 0.21 4.62 0.001
Distance between landmarks 3–10 3.76 ± 0.19 3.79 ± 0.25 3.66 ± 0.18 3.46 0.009
Distance between landmarks 5–7 3.40 ± 0.18 3.37 ± 0.03 3.44 ± 0.20 8.07 0.000
Distance between landmarks 5–9 2.79 ± 0.14 2.64 ± 0.11 2.71 ± 0.13 4.76 0.001
Distance between landmarks 6–7 1.38 ± 0.14 1.26 ± 0.02 1.32 ± 0.13 3.55 0.008
Distance between landmarks 6–8 1.74 ± 0.09 1.65 ± 0.02 1.74 ± 0.11 5.06 0.001
Distance between landmarks 7–8 1.47 ± 0.13 1.57 ± 0.17 1.41 ± 0.12 3.42 0.010
Distance between landmarks 7–11 12.45 ± 0.31 12.75 ± 0.10 12.57 ± 0.31 3.38 0.010
Distance between landmark 1-brown spots centroid 11.69 ± 4.92 11.00 ± 1.50 10.53 ± 3.36 2.82 0.026
Distance between landmark 1-black spots centroid 11.35 ± 4.20 10.72 ± 0.64 10.69 ± 2.42 5.09 0.001
Distance between landmark 1-red spots centroid 13.40 ± 3.26 12.95 ± 0.31 12.85 ± 0.83 4.22 0.003
Frequency of red spots 34.87 ± 17.35 11.50 ± 7.78 19.49 ± 6.06 12.85 0.000
Proportion of brown spots 0.24 ± 0.14 0.33 ± 0.32 0.13 ± 0.08 11.34 0.000
Intensity of black spots 1.31 ± 1.16 0.76 ± 0.20 1.03 ± 0.79 2.49 0.044
Intensity of red spots 1.03 ± 0.54 0.26 ± 0.11 0.57 ± 0.29 10.61 0.000
Number of red spots aligned to the fish lateral line 7.52 ± 2.69 7.00 ± 4.24 9.03 ± 2.08 7.10 0.000
Number of ocular spots 2.69 ± 0.78 2.50 ± 0.71 2.18 ± 0.74 6.66 0.000
Number of opercular spots 12.60 ± 6.67 8.00 ± 1.41 2.88 ± 2.28 39.01 0.000
Number of parr marks 14.86 ± 6.74 2.50 ± 2.12 5.83 ± 4.50 22.30 0.001

Table 3. Discriminant analysis between genetic groups (Mediterra-
nean, Introgressed/Hybrid, Atlantic): summary statistics of the
Stepwise Analysis.

Variable F l p

Number of opercular spots 58.21 0.687 0.001

Number of parr marks 44.61 0.548 0.001
Number of red spots on the lateral line 35.76 0.493 0.001
Proportion of brown spots 31.38 0.446 0.001
Intensity of red spots 27.08 0.422 0.001
Intensity of black spots 24.55 0.396 0.001
Distance between landmarks 1–2 22.14 0.380 0.006
Distance between landmarks 3–4 23.59 0.322 0.001
Height of anal fin 22.33 0.304 0.001
Distance between landmarks 7–8 20.92 0.292 0.007
Number of ocular spots 29.59 0.283 0.022

Table 4. Discriminant analysis among watercourses within Medi-
terranean group: summary statistics of the stepwise analysis.

Variable F l p

Proportion of red spots 43.89 0.525 0.001

Distance between landmarks 6–7 35.24 0.332 0.001
Number of red spots aligned along
the lateral line

32.50 0.244 0.001

Distance between landmarks 9–10 30.34 0.191 0.001
Distance between landmarks 5–8 26.58 0.169 0.004
Distance between landmarks 7–8 24.21 0.150 0.004
Distance between landmarks 6–9 23.31 0.128 0.001
Distance between landmarks 8–9 22.22 0.113 0.003
Distance between landmark1–brown
spots centroid

20.74 0.104 0.028
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parental forms, with which evident margins of overlap
occurred, as already showed by Mezzera et al. (1997). The
morphological variables that play a key role in the
discrimination of the Mediterranean trout were: (i) striped
pattern of parr marks, (ii) adipose fin mainly with white color
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and without black spots, and (iii) reduced red dots alignment to
the fish lateral line, compared to the Atlantic trout, as already
shown for Western Europe (Mezzera et al., 1997; Aparicio
et al., 2005). According to Aparicio et al. (2005), hatchery-
reared Atlantic trout frequently lack the preopercular dot. Our
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Fig. 3. Correspondence analysis results. Red, blue and grey spots represented Atlantic, Mediterranean and Introgressed/Hybrid specimens,
respectively.
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results suggested that the color pattern of native brown trout in
Central Italy is very similar to those of other Mediterranean
populations: native brown trout of Mediterranean rivers from
Spain and France were characterized by a fine spotting pattern
with a high number of red and black spots on their body flanks
(Poteaux and Berrebi, 1997; Aparicio et al., 2005), with
persistent parr marks in the adult stage (Largiadèr and Scholl,
1996; Mezzera et al., 1997). On the basis of morphological
evaluations (Ielli and Alessio, 1996), subsequently confirmed
by the genetic analysis (Zaccara et al., 2015), also the spotted
pattern of the native populations of Italian peninsula has been
identified as showing a clearly defined, black preopercular dot
and a fine spotting pattern on body sides. The color pattern of
the Atlantic trout is instead characterized by the presence of a
few circular black spots, red spots aligned mainly along the
lateral line, parr marks less persistent during growth and
without striped pattern, few opercular spots, and often the
absence of the pre-opercular dot.

The Mediterranean trout populations occurring in the
central Apennines seem to differ significantly, from the
morphological point of view, from those present in south-
eastern Sicily (Vinciguerra, 1896; Sommani, 1950a), as
recently described by Duchi (2018), which are also genetically
distinct from other Italian populations (Schöffmann et al.,
2007; Fruciano et al., 2014) and more similar to populations
from North Africa (Tougard et al., 2018). The binome S. cettii
was previously used to identify the Sicilian populations, and
Page 7 o
this poses problems of nomenclature concerning the other
Italian populations.

As regards the geometric analysis, the results showed a set
of particularly significant parameters in discriminating genetic
groups, as they are less affected by environmental conditions;
in particular the analysis of the distances between landmarks
revealed that hybrid specimens were characterized by a dorsal
fin with a wider base and a less elongated snout compared to
the Mediterranean and Atlantic individuals.

The discriminant analysis results performed within
Mediterranean group revealed that some morphologic param-
eters, as the proportion of red spots, the number of red spots on
the lateral line, the shape of the caudal peduncle, and the spatial
arrangement of brown spots on the fish flank, are useful for
separating the populations of the watercourses belonging to the
same catchment basin, even if the analysis did not reveal the
occurrence of greater similarities between populations
inhabiting watercourses that are closely related from a
geographical point of view. It is interesting the fact that the
San Leonardo creek trout population considerably differs from
that of Ambro river; this seems to be due to the long history of
isolation of the San Leonardo creek population, which also
emerged from the results of genetic analysis (Splendiani et al.,
2019), that is isolated from the rest of the basin by the presence
of a natural barrier insurmountable from the fish fauna.

In any case, while the morphological differences that allow
to distinguish the alien Atlantic trout from the native
f 11



Fig. 4. Discriminant analysis between groups. Dots represent individuals. Groups (numbers and ellipses) are positioned on the plane using their
values for two variables. The genetic types were identified on the basis of the q values: q ≥ 0.998 =Mediterranean; 0.005 < q <
0.998 = Introgressed/hybrid; q � 0.005 =Atlantic).

Fig. 5. Discriminant analysis within Mediterranean group. Ellipses identify the three Mediterranean populations detected in the study area.
Sampling site.
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Table 5. Variables that showed statistically significant differences among watercourses within Mediterranean genetic group at the one-way
ANOVA.

Variables Genetic group F p

Ambro mean ± SD
(n = 27)

San Leonardo
mean ± SD
(n = 39)

Torsa mean ± SD
(n = 34)

Height of pectoral fin 2.83 ± 0.27 1.92 ± 1.21 2.97 ± 0.56 16.86 0.001

Height of anal fin 2.61 ± 0.17 2.45 ± 0.43 2.69 ± 0.16 5.83 0.004
Height of dorsal fin 2.30 ± 0.19 2.44 ± 0.22 2.35 ± 0.16 4.26 0.016
Distance between landmarks 1–2 1.56 ± 0.11 1.66 ± 0.10 1.68 ± 0.10 10.17 0.001
Distance between landmarks 4–5 3.37 ± 0.28 3.24 ± 0.19 3.43 ± 0.26 5.93 0.003
Distance between landmarks 5–8 2.73 ± 0.14 2.98 ± 0.21 2.79 ± 0.20 9.37 0.001
Distance between landmarks 5–10 5.15 ± 0.24 4.85 ± 0.25 5.02 ± 0.15 15.99 0.001
Distance between landmarks 6–7 1.29 ± 0.11 1.49 ± 0.12 1.36 ± 0.10 31.97 0.001
Distance between landmarks 6–9 4.01 ± 0.15 3.84 ± 0.17 3.97 ± 0.14 11.40 0.001
Distance between landmarks 7–8 1.44 ± 0.13 1.52 ± 0.14 1.44 ± 0.10 5.56 0.005
Distance between landmarks 8–9 3.08 ± 0.18 3.18 ± 0.22 3.15 ± 0.20 3.14 0.048
Distance between landmarks 9–10 3.22 ± 0.20 2.95 ± 0.21 3.03 ± 0.18 15.77 0.001
Distance between landmarks 10–11 4.95 ± 0.18 5.09 ± 0.26 5.09 ± 0.24 3.13 0.048
Distance between landmark 1-brown spots centroid 10.96 ± 2.48 14.54 ± 5.33 9.70 ± 4.27 12.13 0.001
Distance between landmark 1-black spots centroid 9.91 ± 3.05 14.10 ± 4.76 9.53 ± 3.05 15.84 0.001
Distance between landmark 1-red spots centroid 12.48 ± 0.79 15.22 ± 4.88 12.29 ± 0.60 10.03 0.001
Frequency of brown spots 33.10 ± 28.44 36.05 ± 19.80 12.44 ± 11.82 13.64 0.001
Frequency of black spots 42.61 ± 37.36 69.10 ± 32.52 18.43 ± 12.84 27.70 0.001
Frequency of red spots 27.45 ± 14.09 39.59 ± 15.44 36.36 ± 15.25 5.36 0.006
Proportion of brown spots 0.31 ± 0.15 0.25 ± 0.10 0.16 ± 0.11 12.40 0.001
Proportion of black spots 0.36 ± 0.21 0.47 ± 0.12 0.26 ± 0.13 15.44 0.001
Proportion of red spots 0.33 ± 0.18 0.28 ± 0.09 0.57 ± 0.14 43.89 0.001
Intensity of brown spots 0.92 ± 0.86 0.97 ± 0.53 0.32 ± 0.30 13.11 0.001
Intensity of black spots 1.12 ± 0.96 1.82 ± 0.89 0.48 ± 0.34 27.27 0.001
Intensity of red spots 0.74 ± 0.37 1.06 ± 0.40 0.95 ± 0.39 5.36 0.006
Number of red spots aligned to the fish lateral line 6.69 ± 2.02 9.32 ± 2.49 6.12 ± 2.52 18.57 0.001
Number of opercular spots 14.03 ± 6.38 13.76 ± 4.98 10.93 ± 5.65 3.09 0.050
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Mediterranean trout resulted very clear, it is necessary to
deepen the research to clarify the differential characteristics
existing among the different Mediterranean trout populations.
As suggested by some authors (Sommani, 1950b), the level of
differentiation of theMediterranean trout is complicated by the
interaction of historical, geographical and ecological factors.
Moreover, in the different populations a high degree of
phenotypic variability occur, and it can be partly justified by
the environmental differences existing between watercourses
(Zaccara et al., 2015; Ferguson et al., 2016) and partly by the
geographic isolation level of the local populations (Pomini,
1941; Sommani, 1950a). It is known that salmonids develop
liveries with particular color patterns in response to some
environmental parameters, such as water transparency and
bottom structure (Bourke et al., 1997; Ferguson et al., 2016);
backs and flanks with a thick maculation (red, black and parr
spots) allow trout to blend in with the gravel of the bottom and
with the reflections of light created in the shallow water by the
ripples of the surface. On the other hand, silvery flanks with
only a few black spots help to camouflage the fish in deeper
waters. Indeed, the trout inhabiting the pelagic environments
do not stand out against the bottom, regardless of the direction
from which they are seen by predators (Crozier and Ferguson,
Page 9 o
1986; Olsson and Greenberg, 2004). In the native trout of the
Apennine, the presence of a relationship between the
maculation on the sides with the longitudinal gradient has
already been highlighted in the past (Lorenzoni et al., 2003),
with the abundance of red dots decreasing in the river areas
located further downstream and characterized by higher flow
rates (Sommani, 1950b). From the analysis carried out on wild
fish moved to the farm, the same changes resulted in
association with age (Lorenzoni, unpublished data). It is
known that in natural conditions trout change their habitat
preferences during growth; shallow and rippled waters are
favored by young specimens, which move in deeper and more
downstream reaches with aging. However, Duchi (2018) in the
autochthonous trout populations of Sicily did not find any
relationship between spotted pattern characteristics (macula-
tion) and age. In trout some shape changes, probably
associated with greater swimming efficiency, are also known;
the snout more pointed, the leaner and slimmer body, and the
elongation of the caudal peduncle (Hard et al., 1999)
characterize individuals inhabiting more reophilic environ-
ments. Other morphological characters, such as the size of fins,
have been associated with sexual dimorphism (Lorenzoni
et al., 2003).
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The main practical application of the present research
consists in the management and protection of native trout
populations by providing greater attention to the identification
of protected areas for the biodiversity conservation, also in
view of the fact that current knowledge on the morphology of
the endemic salmonids in Italy is limited. The application of
morphological analysis methods is advantageous since it is not
cruel, it is inexpensive and easy to apply in the field. In case of
moderately introgressed populations subject to fishing
pressure, it may be possible in the long-term to significantly
reduce the rate of introgression if individuals classified as non-
native and hybrids through their selective removal from the
population (Aparicio et al., 2005). However, further researches
are needed to develop a model based on the most
discriminating phenotypic characteristics in order to predict
the genetic status of brown trout populations in the study area.

The results obtained during the research provided,
ultimately, useful tools for the advancement of knowledge
and management of the native fish fauna, with positive effects
on the conservation of a species complex at high risk of
extinction, due to the synergistic combination of the direct
impact of human activities on inland waters and global climate
change.
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