Native trout ecology in Mediterranean basins
Ecology and conservation of the Mediterranean trout in the central Apennines (Italy)
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ABSTRACT
The Mediterranean brown trout (Salmo trutta complex) is one of the freshwater fish species complex

at greater risk of extinction in the Mediterranean area. The introduction of alien invasive species and
their interaction with the native fauna represent some of the major threats to the survival of this
species. Currently, the genetic variability of the Mediterranean trout (Salmo trutta complex) is being

compromised by the introgressive hybridization with the Atlantic trout (Salmo trutta Linnaeus, 1758).
Therefore, it is necessary to gain further knowledge on genetic and demographic characteristics of
Mediterranean trout populations, that, combined with environmental and angling data, will allow to
undertake sound conservation strategies. The aims of the present study were to analyze: i) the
demographic characteristics of the Mediterranean trout in seven central Apennine river basins where
native populations are threatened by stocking with the domestic trout of north Atlantic origin; ii) the
influence of both environmental parameters and different fishery management strategies on the status
of native trout populations. The project focuses on 14 sites included in the Natura 2000 EU wide
network of nature protection areas, established under the 1992 Habitat Directive. A total of 25
watercourses were investigated for a total of 32 sampling sites. A census of the fish fauna was carried
out by electrofishing at each sampling location. Fish and environmental data were collected in spring
and autumn 2014. The results obtained in the present research allowed us to detect the presence of
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three residual Mediterranean trout populations with a high degree of genetic integrity in the study
area. The native trout populations were characterized by higher abundances and higher adult density
values. Well-structured native populations with higher legal-size specimens density and poor body
conditions in terms of relative weight were observed in the no-fishing areas, probably due to the
presence of intraspecific competition phenomena. The environmental analysis confirmed the key role
played by the geological characteristics of the central Apennines in shaping the introgression levels
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observed in the wild trout populations, while the recovery of the water quality appears decisive in the
development of management strategies aimed at their conservation.
INTRODUCTION
The Mediterranean trout (Salmo trutta complex) is one of the freshwater fish species at greater risk
of extinction in the Mediterranean area. This taxon is represented by a wide-ranging species complex
native to Eurasia and North Africa (Elliot, 1994) and includes the surviving native populations of the
Tyrrhenian and Adriatic side of the Italian peninsula. In the last decade the wild populations have
declined by almost 30% and this trend is also expected for the future (Caputo et al., 2015). Water
abstraction, overfishing, non-native trout diffusion (Clavero et al., 2010) and reduction of suitable
brown trout thermal habitats in the Mediterranean basin (Almodóvar et al., 2012; Filipe et al., 2013)

represent the most important threats to the future conservation of the Mediterranean trout (IUCN,
2018). In addition, climate changes will lead to a worsening of the ecological conditions (in terms of
hydrological instability and heterogeneity) of the Mediterranean region watercourses, already
particularly vulnerable to the reduced availability of water (Almodóvar et al., 2012; Lorenzoni et al.,
2014; Larios-López et al., 2015). As the taxonomy of the genus Salmo in Italy is still controversial,
in the present paper the terms “Salmo trutta complex”, “Mediterranean trout” and “native brown
trout” for the native brown trout were used. The scientific name Salmo trutta Linnaeus, 1758 was

used to identify the alien brown trout of Atlantic origin. In the IUCN red list (IUCN, 2018) the

Mediterranean trout is referred to Salmo cettii Rafinesque, 1810.
Currently, the genetic integrity of the Mediterranean trout is being compromised by the introgressive
hybridization with the alien S. trutta (Nonnis Marzano et al., 2003; Caputo et al., 2004; Lorenzoni et
al., 2004; Sanz et al., 2006). Stocking programs carried out in the last century with domestic trout is
resulting in the loss of native genetic variability, even though several evidences indicated a surprising
resilience of native brown trout genetic diversity probably related to: i) their adaptation to the
hydrogeological characteristics of the calcareous and permeable catchments in central Apennine, and
ii) their demographic characteristics (in terms of high abundances), so the stocking efforts were not
www.jlimnol.it

enough to replace them (Splendiani et al., 2013, 2016). These latter studies, however, explored the
role of environmental variables on a broad scale, based on literature data, because the local
environmental characteristics were unavailable. On the contrary, in the present study, a suite of local
environmental parameters were collected in the field and included in a multivariate statistical
framework. According to several authors (Aparicio et al., 2000; Solomon et al., 2003; Almodovar et
al., 2006) the rational conservation and management programs involving salmonid species implicates
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important socio-economic interests and should be based on sound objective data, with the aim to
support both sustainable fisheries and genetic biodiversity conservation. Many studies carried out in
the Mediterranean area, dealing with the relationship between alien genes abundance and
management of trout populations (García-Marín et al., 1998, 1999; Mezzera and Lagardier, 2001)
highlighted the need to dispose of a deep knowledge of genetic and demographic characteristics of
the trout populations, which combined with environmental and angling data, allow to undertake sound
conservation strategies. Therefore, the aims of the present research were: i) to elucidate the
mechanism underling the resilience of native genome in some circumstances, and the spread of
introgression phenomena in some others, and ii) to analyze the influence of environmental parameters
and fishery management on the status of trout populations, focusing on the ecological preferences of
the Mediterranean trout.
METHODS
Study area
The project focuses on 14 sites included in the Natura 2000 EU wide network of nature protection
areas, established under the 1992 Habitat Directive (Fig. 1) and involved also the territory of Sibillini
Mountains National Park. The study area comprises seven watersheds: Metauro, Cesano, Esino,
Potenza, Chienti, Tevere and Tenna. A total of 25 watercourses were investigated with 32 sampling
sites (Tab. S1). Fish data were collected in two periods (spring and autumn 2014), while hydrological
variables were measured three times during the year 2014: spring, summer and autumn.
Data collection
A census of the fish fauna was carried out by electrofishing at each sampling location by multiplepass electrofishing using the removal method (Moran, 1951; Zippin, 1956). The electrofishing
method provided the sampling of the same river stretch (starting from downstream to upstream) for
two or more consecutive times, applying the same fishing effort (Seber and Le Cren, 1967). For each
specimen caught, total length and weight was measured and a sample of scales was collected for age
determination. An adipose fin clip was removed from 734 trout specimens, previously anesthetized,
www.jlimnol.it

and preserved in 95% ethanol until DNA extraction. All scales were stored in 33% ethanol and later
observed with a stereo microscope using the image-analysis system IAS 2000. At the end of the field
activities, all the fish caught were released in the rivers. Age was determined using the scalimetric
method (Bagenal, 1978) and further validated through the analysis of the length-frequency
distribution (Britton et al., 2004). All specimens with age ≥2+ were considered adults. For all the
specimens the species status was determined according to the genetic characterization. For each
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population the individuals were counted in order to determine the abundance, in terms of density (ind
m-2) and standing crop (g m-2). The standing crop was calculated by multiplying the estimated
population size by the mean weight of the fish caught (breaking down the total sample for age classes),
and then dividing the result by the sampling area (Zippin, 1956). In order to characterize the sampling
sites 19 environmental parameters that play a crucial role in the distribution and life-history strategies
of freshwater fish species were selected (Vadas and Orth, 2000; Smith and Kraft, 2005) (Tab. 1).
Watershed area, distance to water source, average slope and altitude were derived from digital maps
(GIS). The soil permeability was determined from the Italian geo-lithological map 1:500000 (WMS
Service - pcn.minambiente.it). The flow rate was measured at the cross-sectional area of each
sampling reach, according to the guidelines of Standard ISO 748:2007, using an OTT MF-pro
electromagnetic current meter. Δ flow rates were calculated as the differences between the
measurements carried out in the different seasons (Δ1 spring-summer, Δ2 summer-autumn). Field
measurements of specific conductivity, pH, water temperature and dissolved oxygen were carried out
with electronic meters manufactured by YSI (Hanna Instruments) and WTW (GmbH). Other
chemical parameters of the water (dissolved oxygen, NNO3, NNH3, SO4, PPO4, Cl, COD) were

determined according to the National Agency for Environmental Protection and Technical Services
(APAT) specifications (APAT, 2003). Given the importance of the physical instream habitat in
affecting the structure of the fish assemblages (Lammert and Allan, 1999), canopy cover and shaded
areas were estimated by visual observation on a five-degree scale (0=absent, 1=isolated areas,
2=frequent interruptions, 3=few interruptions and 4=continuous areas). The environmental variables
were measured at the same time as fish sampling.
Genetic analyses
Sampling and genomic DNA extraction

Total DNA was extracted from adipose fin clips preserved in 95% ethanol (see above) by using a
MagCore® automated Nucleic Acid extractor. After purification, DNA was diluted in 150 µL of pure
water (MagCore®, Genomic DNA Tissue Kit, n° 401) and quantified using a NanoDrop
spectrophotometer (ThermoScientific).
www.jlimnol.it

mtDNA sequencing

After DNA extraction, the mtDNA control region (D-loop) was amplified by polymerase chain
reaction (PCR) using the primers LN20 (5’-ACCACTAGCACCCAAAGCTA-3’) and HN20 (5’GTGTTATGCTTTAGTTAAGC-3’) (Suarez et al., 2001). The amplification was performed for each
sample in a 25-µL PCR reaction containing: 1X MyTaq (Bioline) reaction buffer, 0.4 µM of each
primer, 1.5 U myTaqTM DNA polymerase (Bioline) and 3 µL of DNA (~40 ng/µL). Cycling
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conditions required an initial denaturation at 94°C for 5 min, followed by 35 cycles of 94°C for 60 s,
55°C for 60 s and 72°C for 60 s, with a final extension step at 72°C for 5 min. All PCR products were
visualised on a 2% agarose gel stained with Gel RedTM (Biotium, Inc.) to evaluate amplification
success, and digested at 37°C overnight using the restriction enzyme AluI in a 20-µL reaction
containing 1X Tango Buffer, 7 U AluI and 2 µL of PCR product. The digestion step was crucial to
reduce the size of the amplicons and as a consequence to improve the resolution power of the
successive Single-Strand Conformation Polymorphism (SSCP) analysis. The restriction enzyme AluI
was chosen on the basis of the result obtained in previous studies (e.g., Dovc et al. 2004). The
following step was a SSCP analysis, which required the run of the digested products on a nondenaturing 8% polyacrylamide gel and successive visualisation by silver staining protocol (Benbouza
et al., 2006). One sample (or, when possible, three) for each SSCP haplotype obtained was purified

with the ExoSAP-it KIT and Sanger sequenced with the reverse primers H2 (Bernatchez and

Danzmann, 1993) on an ABIPRISM 3730XL DNA sequencer.

All obtained partial D-loop sequences were aligned using the software ClustalW v. 1.8 (Thompson et
al., 1994) with haplotypes previously described for this species. The attribution of our sequence
haplotypes to each of the main brown trout lineages, previously described, was performed based on
the diagnostic sites characterising the main brown trout mtDNA lineages.
LDH-C1* locus polymorphism

The occurrence of introgression was also evaluated through the PCR-RFLP analysis of a portion of

the nuclear locus LDH-C1* (as described in McMeel et al., 2001). This marker discriminates

European hatchery stocks (fixed for the *90 allele or with very high frequency of this allele) from the
native Mediterranean populations, characterized by the *100 allele (McMeel et al., 2001).
Statistical treatment of mtDNA data
The control region sequences were aligned with the data set described by Bernatchez (2001) using
CLUSTALW (Larkin et al., 2007). The attribution of sequence haplotypes obtained in the present
study to each of the main brown trout lineages (see Bernatchez, 2001) was performed based on the
www.jlimnol.it

diagnostic sites characterising these lineages. The assessment of genetic introgression at mtDNA level
was based directly from the frequency of the domestic Atlantic haplotypes observed in the wild
samples.
Statistical treatment of LDH-C1* data
The PCR-RFLP analysis of LDH-C1* locus was used to estimate the spread of the allochthonous *90
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allele in the area. Deviation from Hardy-Weinberg equilibrium (HWE) was evaluated by Weir and
Cockeram (1984) F statistic (FIS) using GENEPOP 4.0 (Raymond and Rousset, 1995). The exact FIS
P-values were obtained implementing a Markov chain method based on 1000 dememorizations, 1000
batches and 10000 iterations per batch.
Data analysis
Based on the results of genetic analyses performed using mitochondrial (D-loop fragment of 310 bp)

and nuclear markers (locus LDH-C1*) (Caputo et al., 2015), the t-test analysis was performed to
compare the demographic characteristics of native and non-native trout populations.
To investigate the effects of different management strategies on the genetic and demographic
characteristics of the Mediterranean trout populations, the sampling sites were divided into fishing
and no-fishing areas (Fig. 1). The t-test analysis was performed to compare the demographic
characteristics in these different areas.
To provide a numeric estimation for deviations of the population structure from a balanced
population, the Proportional Stock Density (PSD) index (Gabelhouse, 1984) was calculated as
follows:
PSD = 100 (number of fish ≥ minimum quality length/number of fish ≥ minimum stock length)
(eq. 1).

For minimum quality length and minimum stock length were used the values indicated by Pedicillo
et al. (2010) for the trout populations of central Italy. The PSD values vary from 0 to 100 and the
defined range for a balanced population is: 35 ≤ PSD ≤ 65 (Gabelhouse, 1984; Gassner et al., 2003).

As a contribution to the evaluation of the fish-health, the relative weight (Wr) was estimated on the
basis of the equation Wr=100W/Ws, where W is the weight of the individual and Ws is the standard
weight calculated by the following equation proposed for the brown trout, applying the Empirical
Percentile (EmP) method (Angeli et al., 2009):
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Log10Ws = -5.203 + (3.154 log10TL) - (0.015 (log10TL)2)
(eq. 2)
Wr values lower than 95 indicate poor body condition (Blackwell et al., 2000). Only specimens with
TL > 8 cm were included in the analysis (Angeli et al., 2009). In order to avoid biases in the Wr
statistical analysis, the comparison between the subsample of genetically analyzed specimens (n =
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704) with the total sample composed of all the trout collected was carried out using t-test analysis (t
= 0.96; P=0.326).
Genetic and demographic parameters were related to the environmental variables by means of
canonical correspondence analysis (CCA) (ter Braak, 1986), that is a direct gradient analysis method
that allows the examination of the relationships among multivariate ecological data matrices.
Statistical significance was tested with Monte Carlo permutation tests (1000 permutations). In order
to avoid collinearity, for each population 2 genetic parameters were used, calculated as the mean
value of ATs1 and LDH-C1*90 data (alien genome) and the mean value of AD+MA+ME and LDHC1*100 data (native genome). The demographic matrix included Wr, PSD, five abundance parameters
(population density, adult density, young-of-the-year (YOY) and specimens of legal size (TL > 22
cm) densities and standing crop) and 64 observations (32 sampling sites x 2 census periods). The
environmental matrix included 23 variables (19 environmental and 2 genetic parameters) and 64
observations. All variables used in the analysis were tested for normality and transformed (log10

(N+1)) to normalize the distribution (Brown and Austen, 1996).
RESULTS
Genetic characterization
mtDNA

Overall, sequence analysis revealed 4 different D-loop haplotypes already described in literature
(Bernatchez 2001; Splendiani et al., 2006). In details, we observed the haplotype ATs1 (Atlantic
lineage, sensu Bernatchez), a haplotype very common in the rivers from North Europe and in
domestic stocks, the haplotype ADs7 (AD lineage) mainly distributed along the peri-Adriatic and
Ionian rivers (Apostolidis et al., 1997; Splendiani et al., 2006), the haplotype MAs5, until now
exclusively found in central Italy (Splendiani et al., 2006) and the haplotype MEs1, very common in
Mediterranean rivers (Cortey et al., 2004). At single population level, the exclusive presence of the
ATs1 haplotype was observed in 13 out of 32 wild populations. Conversely, in four local samples
(03AMBR01, 03AMBR02, 04TORS01, 04NERA01) the alien haplotype ATs1 was not observed. In
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the rest of the wild samples the percentage of ATs1 ranged from 5% in 03TENN02 to 72.7% in
07SCAR02 (Tab. 2).
LDH-C1*

The introgression patterns detected with the LDH-C1* locus identified the presence of 14 Atlantic
populations, 2 Mediterranean populations and 16 partially introgressed populations, with percentage
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of LDH-C1* 90 comprised between 11% and 82% (Fig. 2). The comparison of these results with the
mtDNA haplotypes showed a high and significant correlation (Spearman's rs = 0.83, P<0.0001).
However, discrepancy was detected between the presence of the allele *90 and AT haplotypes in
some of the populations studied (Tab. S1). The observed genotype frequencies at this locus did not
showed significant departures from Hardy-Weinberg proportions.
Demographic characterization
A total of 4405 specimens of trout were collected. The size of the total sampled fish ranged from 2.7
to 50.0 cm (mean±SE = 13.52±0.16) and weight from 0.7 to 1325.0 g cm (mean±SE = 50.61±2.63).
Ten age classes (0+ to 9+) were identified. Based on the genetic characterization the total sample was

divided into three categories: i) “low introgressed” population, as the frequency of Atlantic variants
(mtDNA and LDH-C1* locus) were below 10% for the mtDNA and below 20% for the LDH-C1*
locus, ii) “severe introgressed” population, as the frequency of Atlantic variants was above 90% for
the mtDNA and above 80% for the LDH-C1* locus, and iii) all the remaining specimens were
considered “mild introgressed”, as the percentages of Atlantic variants ranged from 10% to 90% for
the mtDNA and from 20% to 80% for the LDH-C1* locus. The low introgressed populations belonged

to the Ambro, Tenna and Torsa rivers (609 specimens in total). A total of 324 specimens belonged to
the severe introgressed populations; all the remaining specimens belonged to the mild introgressed
populations.
In general, the native populations were characterized by smaller sizes and lower longevity than the
alien populations (Tab. 3). Higher population density and adult density values characterized the
Mediterranean populations in comparison with the alien ones (Tab. 3, Fig. S1). For both groups the
same average value of legal size specimens density was found. The differences were statistically
significant at the t-test analysis only for the population density, adult density, mean weight and mean
total length.
The results showed that the Mediterranean trout populations living in the fishing areas were
characterized by higher values of total density, YOY density and Wr, while the no-fishing areas were

characterized by higher standing crop, adult density, specimens of legal size density and PSD index
www.jlimnol.it

(Tab. 4, Fig. S2); only for specimens of legal size density (t = 2.57, P = 0.03), PSD (t = 2.94, P= 0.02)
and relative weight (t = 2.64, P = 0.03) the results were statistically significant at the t-test analysis.
Relationship among environmental, demographic and genetic parameters
In the Canonical Correspondence Analysis the Monte Carlo test showed statistically significant
results for all canonical axes (F = 1.569; P=0.017; total inertia = 0.141). The first axis, which

Accepted Article

explained 53.60% of the overall variability (F = 12.597; P=0.049), represented the genetic
introgression gradient of the analyzed populations. Results showed that the Axis 1 was inversely
correlated with altitude and permeability of the soil, while a positive correlation with conductivity

and SO4 was observed (Tab. 1). The percentage of the alien genome is directly related to axis 1, while
the opposite result has been shown for the native genome. Although the second axis was less
informative (26.20% of total variance) it well described the relationship between the demographic

parameters and the longitudinal gradient of the rivers. Average slope, Δ flow rate, permeability,

canopy cover, water temperature, pH, dissolved oxygen and PPO4 were significantly correlated with
the second axis. High values of some demographic parameters (adult densities, legal size specimen
density, standing crop) were associated with higher temperatures, larger watershed areas, higher
distance to water source, high presence of canopy cover and shaded surfaces, low pH conditions and
higher content of dissolved salts (phosphates and nitrates). An inverse correlation was observed
between the same demographic parameters and Wr (Fig. 3). The Atlantic populations were closely

related to higher flow rates and poor water quality, as results by higher values of COD, conductivity
and dissolved salts such as chlorides and sulphates; the presence of highly introgressed populations
was also associated with a high value of the PSD. By contrast, native trout populations were linked
to higher altitudes, higher average slopes, high soil permeability, and sites characterized by high
levels of dissolved oxygen.
DISCUSSION
The results obtained in the present research allowed us to detect the presence of three residual
Mediterranean trout populations with a high degree of genetic integrity in the Apennine area. These
populations play a crucial role in the biodiversity conservation, as well as represent an opportunity to
deepen the knowledge of ecological aspects, and can be used for native trout recovery projects.
The collection of genetic, demographic and environmental data allowed us to highlight the

importance of environmental factors in evaluating the dynamics of genetic introgression into native
salmonid populations, a crucial aspect for the conservation of the Mediterranean trout (Fausch et al.,
2009; Muhlfeld et al., 2009; Marie et al., 2012). In particular, the results of the present research seem
www.jlimnol.it

to confirm the key role played by the main geological characteristics of the central Apennines in
shaping the introgression levels observed in the wild trout populations (Splendiani et al., 2013). In
fact, the CCA results highlighted that in the central Apennine streams the demographic characteristics
of wild trout populations, in terms of YOY and population density, are closely related with soil
permeability and good water quality, while they are inversely related to the levels of introgression
and fluctuations of river discharge. Among all the environmental parameters, the water quality and,
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indirectly, the flow rate seem to play a crucial role for conservation and management of native
populations. As a result of climate change, an increasing unpredictability in water flows of the

Mediterranean rivers is expected in the future. As reported by Ayllón et al. (2016), cold-water fish

such as salmonids may be affected more than other species by these effects of global warming, with
an evident reduction in abundances in terms of density and biomass, and a water quality worsening,
due to the higher concentration of pollutants. These effects can be much more pronounced when

combined with other anthropogenic pressures, such as water abstraction and non-compliance with the
Minimum Ecological Flow rules (Palmer et al., 2009; Hermoso and Clavero, 2011).
About adult density, legal size density and standing crop the main variables pointing forward
descriptors were water temperature and PPO4; these parameters, and, to a less extent, canopy cover,
were nearly orthogonal to the “genetic axis”, suggesting their full independence from the genetic
origin of trout, and their role in describing the natural variation along the “longitudinal river axis”.

These results confirmed that high values of abundance in trout populations, especially in terms of
larger specimens, were associated with the longitudinal gradient of the rivers and the increase of their
productivity, with a usual trend for temperate rivers (Vannote et al., 1980; Cummins et al., 1984;
Mann and Penczak, 1986; Gibson, 1988).
The results of the CCA analysis also highlighted the influence of the stocking activities on the genetic
integrity of native trout populations in the study area. In fact, it was found the existence of a direct
relationship between the genetic integrity of Mediterranean trout populations and the altitude: the
Mediterranean trout populations with the lowest values of introgression were located in remote areas
at high altitude, where, because of the inaccessibility, it is unlikely that restocking activities have
occurred in the past (Berrebi et al., 2000). The presence of the non-native trout was associated with
poor water quality, as showed by the direct correlation with the dissolved salts and the COD.
However, should be taken into account the different rate of stocking along the longitudinal axis of
the river, which could have had an influence on the relationships between environmental variables
and the genetic integrity of trout populations observed in the present study. Atlantic stocks could have
been introduced preferentially in more accessible, lowland river stretches, where fishing pressure is
more relevant and where anthropic activities, leading to water quality worsening, are likely more

www.jlimnol.it

concentrated. A previous study suggested that the river accessibility could affect the introgression
levels within native trout populations (Splendiani et al., 2016). Moreover, alien populations were
often characterized by an imbalanced age structure, with the presence of many large size specimens,
as showed by the high PSD values: these results highlighted a direct consequence of the stocking
activities carried out often in marginal environments, using adults of legal size for a mere put and
take fishing purpose (Splendiani et al., 2006).
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According to previous researches carried out in the Tiber river basin (central Italy) (Carosi et al.,
2005, 2015), the more specialized reophilic species, as the Mediterranean trout, colonized the most
mountainous river stretches, characterized by good water quality, high altitude, and high average

slope. These species were gradually replaced, along the longitudinal gradient of the rivers, by the
most tolerant species, as the Atlantic trout, which coming from rivers with different environmental
characteristics from those of the Apennines, is better adapted to colonize the downstream reaches,
even if further analyses based on the micro-habitats’ analysis will be required to confirm this
hypothesis.

The mean standing crop values observed in the present research can be considered in the standard
range for the trout populations (Coles et al., 1988), considering the small size and the limited

productivity that generally characterized the watercourses analyzed, also typical of most
Mediterranean rivers (Nicola et al., 2009; Lorenzoni et al., 2009).
According to Araguas et al. (2017), the genetic identification of the populations with a high degree
of genetic integrity and the establishment of “genetic refuges” is not sufficient to ensure the recovery
of native trout populations. Additional concrete conservation actions, based on the ecological analysis
results, should be put in practice for the recovery of the native genetic pools. In particular the actions
recommended are: i) eradication programs and re-introduction of the Mediterranean trout in sites in

which alien populations were detected, carrying out supplementing action with native stocks; ii)
selection of the suitable sites as source of native trout for the production of native stocks; iii)
supportive breeding actions in favor of partially introgressed populations. In the present study, based
on the genetic make-up observed in wild samples the concrete conservation actions were organized
as follows: i) six sites characterized exclusively by alien trout were selected for electrofishing
eradication and successive re-introduction of native trout, ii) four sites, characterized by moderate
levels of introgression, were selected for supportive breeding activities and iii) seven sites hosting
"pure" or almost "pure" Mediterranean trout were selected as source of fishes to keep in captivity to
create stocks of breeders of native origin. Noteworthy, during the mating phases and during the
supplemental activities the information concerning the local genetic structure of native trout were
used to design local management units (Caputo et al., 2015). This precaution was aimed to reduce
www.jlimnol.it

the risks of genetic homogenization connected with supplementing programs (Fernández-Cebrián et
al., 2014).
The Mediterranean populations were characterized by high values of population densities. The poor
body condition characterizing the populations living in protected areas could be related to the
intraspecific competition for feeding territories that could be emphasized by the high density values
recorded in the sampling sites (Nordwall et al., 2001; Ayllón et al., 2009; Elliot, 2009).
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The Mediterranean trout populations were also characterized by higher adult density values than the
alien populations; this result, combined with the high population densities, supported the hypothesis

that the Mediterranean trout is more resilient to introgression phenomena then the Atlantic trout.

Within a concrete conservation strategy, the high adult density of Mediterranean trout make these
populations able to tolerate the removal of a reduced number of adults per year for the production of
pure juvenile trout in hatchery (for re-introduction or supportive breeding purposes).
The data collected are also the indispensable premise for the adoption of other necessary management
strategies for conservation of the Apennine trout in central Italy. Such strategies could involve the
establishment of protected areas in which fishing is forbidden, even if that may not be easily accepted
by sport fishermen (Danylchuk and Cooke, 2010), generally opposed at loss of recreational fishing
opportunities (Salz and Loomis, 2005; Sutton and Tobin, 2009). An important aspect of a fish
conservation project is the involvement of local sport fishing community to increase their awareness

of the problem and ease their acceptance of more restricting fishery and fish management rules
(Danylchuk and Cooke, 2010). Also in our case, in the fishing areas a reduction in the abundance of
Mediterranean trout populations and, above all, an imbalance in their structure were observed. As
many studies had shown, fishing has the effect of an additional mortality to natural factors, that
focuses especially on older age specimens (Ricker, 1975; Cooke and Cowx, 2004; Lewin et al., 2006;

Lorenzoni et al., 2009).
As an alternative to the total ban of fishing activities, it is worth considering the possibility of allowing
more sustainable fishing methods. For example, especially in protected areas depressed from the

economic perspective, the catch and release method could provide a good compromise between the
needs of biodiversity conservation and the socio-economic benefits that recreational fishing can

ensure (Arlinghaus et al., 2002; Casselman, 2005; Cooke and Schramm, 2007; Donaldson et al.,
2008; Lorenzoni et al., 2009).
CONCLUSIONS
The identification of alien and native trout populations in the Apennine area, combined with the
assessment of their demographic features, is essential to underpin concrete conservation actions, as
www.jlimnol.it

brown trout removal activities and Mediterranean trout re-introduction. For the first time in the
present study, the analysis of original data collected in the field fully confirmed the finding of
previous studies (Splendiani 2013, 2016), based on data reported in the literature, that is the key role
played by the geological characteristics in shaping the introgression pattern of native trout
populations, while the recovery of the environmental quality is decisive in the development of
management strategies aimed at their conservation. Moreover, in order to guarantee stable
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hydrological conditions, and consequently ensure the environmental conditions suitable to the
presence of the Mediterranean trout, the maintaining of the Minimum Ecological Flows should be
considered in conservation programs for native trout from the Mediterranean area. Further analysis

focused on the microhabitat preferences of the species are certainly needed.
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Tab. 1. Canonical and correlation coefficients of environmental variables with axis. P<0.05 is in
bold.
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Canonical
coefficients

Correlations with axis

Environmental and genetic parameters

AX1

AX2

AX1

Watershed area (km2)
Distance to water source (km)
Average slope (%)
Altitude ( m a.s.l.)
Flow rate (m3·s-1)
Δ flow rate (m3·s-1)
Permeability (units)
Canopy cover (units)
Average shaded surface (units)
Water temperature (°C)
pH (units)
Conductivity (µS·cm-1)
Dissolved oxygen (mg·L-1)
NNO3 (mg·L-1)
NNH3 (mg·L-1)
SO4 (mg·L-1)
PPO4 (mg·L-1)
Cl (mg·L-1)
COD (mg·L-1)
Alien genome
Native genome

1.749
-1.495
0.679
-1.156
0.136
-0.416
-0.193
0.131
-0.212
-0.693
-0.033
-0.101
0.408
-0.003
-0.113
0.402
-0.125
0.172
-0.024
-2.014
-2.499

-0.823
1.048
0.452
-0.068
0.130
-0.020
0.094
-0.733
-0.213
-0.136
0.186
0.163
0.429
-0.192
0.001
0.040
0.030
-0.218
-0.123
3.587
3.872

-0.079
-0.121
-0.026
-0.413
0.191
0.054
-0.200
-0.091
-0.187
-0.100
0.154
0.396
-0.104
-0.025
-0.082
0.458
-0.254
0.233
0.113
0.347
-0.334
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P

AX2

P

0.548
0.358
0.845
0.001
0.143
0.682
0.126
0.489
0.154
0.154
0.240
0.002
0.430
0.849
0.535
0.001
0.051
0.073
0.390
0.007
0.009

-0.198
0.007
0.409
0.160
-0.012
-0.258
0.276
-0.343
-0.150
-0.398
0.145
-0.137
0.348
-0.042
-0.153
-0.186
-0.256
-0.053
-0.207
-0.213
0.224

0.130
0.960
0.001
0.222
0.928
0.047
0.033
0.007
0.253
0.002
0.001
0.298
0.007
0.750
0.242
0.156
0.048
0.689
0.112
0.103
0.086

Tab. 2. Allele (LDH-C1* locus) and haplotype (D-loop, mtDNA) and frequencies for 32 central
Italy wild samples.
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Sampling site code
01ABIS01
01BEVA01
01BEVA02
01CERT01
01EREM01
01FURL01
01GIOR01
01GIOR02
01PESC01
01VITO01
02ESIN02
02GORG01
03AMBR01
03AMBR02
03TENN01
03TENN02
04NERA01
04RAPE01
04TORS01
04USSI01
04USSI02
05CESA01
05CESA02
05CINI01
05CINI02
06ACQU01
06FIAS02
06FIAS03
06RIOS01
07CAMP01
07POTE01
07SCAR02
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LDH-C1*90
100.0
79.6
68.2
96.0
87.5
100.0
83.3
80.8
100.0
79.7
53.7
95.8
18.5
5.0
20.5
29.4
23.8
32.9
1.5
84.8
80.0
100.0
92.9
97.7
98.2
18.2
30.0
55.3
36.1
27.1
100.0
91.7

LDH-C1*100
20.4
31.8
4.0
12.5
16.7
19.2
20.3
46.3
4.2
81.5
95.0
79.5
70.6
76.2
67.1
98.5
15.2
20.0
7.1
2.3
1.8
81.8
70.0
44.7
63.9
72.9
8.3

ATs1
100.0
100.0
72.2
30.0
100.0
100.0
33.3
15.4
100.0
100.0
15.0
70.0
7.7
5.0
60.0
100.0
100.0
100.0
100.0
100.0
100.0
10.0
28.6
31.6
35.0
30.0
100.0
72.7

ADs7

MAs5 MEs1

27.8
70.0
66.7
84.6
45.0
30.0
100.0
100.0
92.3
95.0
100.0
40.0
100.0

90.0
71.4
26.3
30.0
55.0
18.2

40.0

31.6

10.5
35.0

15.0
9.1
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Tab. 3. t-test analysis: comparison of demographic parameters for Mediterranean trout and Atlantic
trout populations. P values <0.05 is in bold.

N specimens
TL range (cm)
TL mean±SE
W range (g)
W (g) mean±SE
Age classes range (years)
Density (ind/m2) mean± SE
Standing crop (g/m2) mean± SE
YOY density (ind/m2) mean± SE
Adult density (ind/m2) mean± SE
PSD index mean±SD
Wr mean± SE
Legal size specimens density
mean± SE
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Mediterranean
trout
609
3.0-31.0
11.89±0.23
1.0-335.0
34.59±1.86
0+-6+
0.30±0.13
8.04±1.95
0.18±0.11
0.05±0.01
12.50±3.41
94.93±1.64
0.01±0.00

Atlantic
trout
324
3.0-38.4
15.28±0.36
0.8-612.0
62.09±4.78
0+-8+
0.09±0.02
5.43±0.99
0.03±0.01
0.02±0.01
29.34±6.72
96.13±1.51
0.01±0.00

t

P

8.34
6.06
2.08
1.32
1.67
2.55
1.88
0.51
0.76

0.001
0.001
0.049
0.199
0.108
0.017
0.073
0.617
0.456

Accepted Article

Tab. 4. t-test analysis: comparison of demographic parameters, body condition and PSD among
fishing and no-fishing areas for Mediterranean trout populations. P values <0.05 is in bold.

Population density (ind/m2)
Standing crop (g/m2)
YOY density (ind/m2)
Adult density (ind/m2)
Specimens of legal size (TL> 22 cm)
density (ind/m2)
Wr (units)
PSD index (units)
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No-fishing areas
(mean±SE)
0.20±0.07
9.14±2.60
0.08±0.05
0.07±0.01
0.03±0.01

Fishing areas
(mean±SE)
0.37±0.21
7.31±2.90
0.25±0.19
0.04±0.02
0.01±0.00

t

P

1.76
0.22
1.73
0.01
2.57

0.092
0.825
0.098
0.999
0.030

90.30±2.61
21.54±5.50

97.25±1.36
6.48±2.15

2.64
2.52

0.030
0.019
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Fig. 1. Study area and location of the sampling sites.
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Fig. 2. Genetic introgression measured as the percentage of the diagnostic LDH-C1*90 allele, within
each basin.
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Fig. 3. Results of CCA analysis: biplot of the environmental variables and the genetic and
demographic parameters. Eigenvalues of axis 1 and 2 were 0.04 and 0.02 respectively. The first two
axes explained 79.80% of total variance. The length of the arrow is proportional to the rate of change:
a long arrow indicates a large change and that change is strongly correlated with the ordination axes.
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