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INTRODUCTION 

On a global basis, freshwater habitats are rich sources 
of biodiversity (Strayer and Dudgeon, 2010), but they are 
also hotspots for human exploitation and modification 
(Monroe et al., 2009). The general progressive degrada-
tion of aquatic ecosystems in recent years has led to an 
impoverishment of the autochthonous fish fauna, being 
the introduction of invasive alien species one of the most 
important perturbation factors of anthropic origin (Jack-
son et al., 2017; Mollot et al., 2017). The invasion by 
alien species alters ecosystem balances with direct and in-
direct impacts on native species (Didham et al., 2005; 
Cucherousset and Olden, 2011; Hermoso and Clavero, 
2011; Simberloff et al., 2013).  

In particular, fish translocation and stocking activities, 
two widely used management measures, are progressively 
recognized detrimental to native ichthyofauna in the receiv-
ing fresh waters (Cucherousset et al., 2020). Indeed, if the 
ecological niche of the invasive alien species overlaps with 
that of the native species (Strayer, 2006), and particularly 
if the two species are taxonomically related, the possibility 
of forming hybrid individuals is high, with the consequent 
loss of genetic integrity of the autochthonous populations 
(Hänfling et al., 2005; Hayden et al., 2010; Meraner et al., 
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2013; Geiger et al., 2016; Zaccara et al., 2021) and poten-
tial alteration of their functional role (De Santis et al., 
2021). Moreover, the presence of trophic interactions be-
tween the invader and the native species can lead to in-
creased predation and competition pressure (David et al., 
2017; Jackson et al., 2017). The foraging behaviours of the 
invader can modify the habitat characteristics through eco-
logical engineering (Mollot et al., 2017), as well as trans-
mitting novel pathogens to the native species (Sheath et al., 
2015). Consequently, invasive alien fish represent a con-
siderable global challenge, requiring effective management 
and regulation (Pimentel et al., 2000; Dlugosch and Parker, 
2008; Estoup and Guillemaud, 2010). 

In Mediterranean rivers there are more than 200 en-
demic freshwater fish species, of which more than half 
have been reported as being under threat (Smith and Dar-
wall, 2006). In particular, in the northern Adriatic basins, 
endemic species belonging to the Cyprinidae family are 
severely impacted by the introduction of non-native 
species besides by other disturbances such as the hydro-
logic alteration caused by dams impounding river sections 
and regulating flows (Bianco, 1995; Smith and Darwall, 
2006; Bianco, 2014). Padanian barbel Barbus plebejus 
Bonaparte, 1839 is among these threatened species. It is 
endemic to the Padano-Venetian district and has been in-
troduced to several rivers that drain into the Tyrrhenian 
Sea, specifically in the Tuscano-Latium district (Bianco, 
2003). It has a fluvio-lacustrine ecophenotype charac-
terised by a relatively large body size (total length up to 
60 cm) and preferring habitats of large lowland rivers with 
consistent, moderate flows (Tsigenopoulos et al., 1999; 
Kottelat and Freyhof, 2007; Buonerba et al., 2015). Con-
sidered a species with moderate flexibility of adaptation, 
it is however affected to a great extent by anthropogenic 
impacts, such as hydrological alterations through the con-
struction of dams, canalizations, gravel mining and sedi-
ment flushing (Freyhof et al., 2020), as well as by genetic 
pollution due to introductions of allochthonous species 
(Zerunian, 2003; Zaccara et al., 2014; Geiger et al., 2016; 
Zaccara et al., 2021). In the Habitat Directive 92/43/EEC 
(Annexes II and V) (European Union, 1992) it is listed 
among the “animal species of interest whose conservation 
requires the designation of special protected areas”; in the 
Italian Red List it is evaluated as vulnerable due to a sig-
nificant decrease of its population in the last decade be-
cause of the presence of allochthonous species, mainly of 
the European barbel Barbus barbus Linnaeus, 1758, re-
sponsible for the high fragmentation of its home-range 
due to its relatively fast spread (IUCN, 2022).  

As a result of fish stocking operations, the European 
barbel has repeatedly been introduced into many Italian 
rivers since mid-90s (Bianco, 1995). Since then, invasive 
populations have quickly grown, notably in the lowland 
rivers within northern Adriatic basins (mainly the Po 

River basin) where its preferred habitats are common 
(Meraner et al., 2013). The ecological niche of B. barbus 
highly overlaps with the ecological niche of B. plebejus 
(i.e., fluvio-lacustrine ecophenotype (Kottelat and Frey-
hof, 2007)), favouring widespread introgressive hy-
bridization (Meraner et al., 2013; Zaccara et al., 2014; 
Buonerba et al., 2015). It is possible to discriminate mor-
phologically the two species of barbel from the number 
of scales along the lateral line and from the shape and mi-
crostructure of the dorsal fin, but this discrimination can 
be unreliable due to the variability of these traits within 
the same species (Bianco, 2003; Kottelat and Freyhof, 
2007; Quadroni et al., 2023a). Moreover, the occurrence 
of hybridisation further hinders the morphological dis-
crimination (Tsigenopoulos et al., 2002; Gante et al., 
2008; Buonerba et al., 2015) making the use of molecular 
techniques necessary (Zaccara et al., 2021). 

The lower Ticino and Oglio rivers, two main tributar-
ies of the Po River, are characterised by habitats in which 
the endemic B. plebejus and the invasive B. barbus can 
co-occur, as already detected for the lower Adda River 
(Zaccara et al., 2014). Both rivers are highly regulated 
with a severe hydrological alteration caused by dams and 
other hydraulic structures. This determines habitat impov-
erishing that can contribute to exacerbate the invasion 
processes by B. barbus (Hobbs and Huenneke, 1992), 
which may also be favoured by the defragmentation proj-
ects implemented in the last decade in order to re-establish 
the longitudinal connectivity of these rivers (Puzzi et al., 
2017; Zaccara et al., 2021).  

The aim of this study was thus to genetically charac-
terise barbel specimens in the two mentioned rivers using 
the partial mitochondrial DNA Cytochrome b gene, in 
order to add knowledge on the B. barbus presence in the 
Po River basin for the implementation of more suitable 
management plans aimed at the conservation of the native 
species. 

METHODS 

Study area 

Both Ticino and Oglio rivers are left-side tributaries of 
the Po River, the longest Italian river (Fig. 1). Their lowland 
part originates from sub-alpine lakes, Lake Maggiore and 
Lake Iseo, respectively. The lower Oglio is 156 km long 
and its watershed area is 3840 km2, while the lower Ticino 
is 110 km long and its watershed area is 8172 km2. 

The lower Oglio is included in the Oglio Sud Regional 
Park while the lower Ticino, which flows at the border be-
tween two Italian regions, is included in two regional 
parks, i.e., the Lombard Park of the Ticino Valley and the 
Management Body of the Protected Areas of Ticino and 
Lake Maggiore.  
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Both rivers are impacted by various pressures. They 
have been altered from their pristine status because of 
multiple water uses (mainly for agriculture) and the con-
struction of hydropower plants, dams, and other hydraulic 
structures. The altered flow regime is one of the major 
causes of habitat heterogeneity loss. The streamflow of 
the two rivers are regulated by the Miorina and Sarnico 
dams, respectively. These dams regulate the lake outflows 
for flood protection and to satisfy the multiple needs of 
agriculture, hydropower production, tourism, and envi-
ronmental flow, according to well-defined general rules. 
To maintain stable water levels in the lakes, water is 
mainly retained during non-irrigation periods and released 
during summer to meet agricultural needs (Salmaso et al., 
2016; Racchetti et al., 2019). 

Most water abstraction structures are located in the 

upper part of both rivers. In the lower Ticino, water di-
version is mostly carried out 7 km downstream from the 
Miorina Dam, at the Panperduto Dam, where approxi-
mately 60% of the mean annual discharge is diverted for 
agriculture and hydropower. In the first 20 km, the lower 
Oglio hosts six run of the river hydropower plants that 
creates a sequence of lentic and lotic stretches; the remain-
ing part of the river suffers mainly from water abstraction 
for agricultural uses. In both rivers, the environmental 
flow is a seasonally modulated minimum flow that varies 
depending on the reach, with approximately 5% of the an-
nual mean discharge being the lowest allowed flow (Laini 
et al., 2018; Salmaso et al., 2021). 

In recent years both rivers, as well as the Po River, 
have been subjected to defragmentation plans within con-
servation projects for the recovery of the ecological cor-

Fig. 1. Sampling sites at a) Oglio River (OG) and b) Ticino River (PAN, SL, PV) and the two main dams (Miorina and Panperduto 
dams). At each site the number of successfully analysed individuals is detailed (see Tab. 1). Pie charts show haplogroup frequency of 
Barbus plebejus (green) and Barbus barbus (red).
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ridors with the construction of fish passages associated to 
the existing dams and weir removal. The pathway from 
Lake Maggiore to the Adriatic Sea was completely re-es-
tablished in 2017 (Puzzi et al., 2017).  

Fish sampling 

In total 94 fish were sampled for the genetic analyses 
using backpack electric fishing. Specifically, in the Oglio 
River, 36 individuals were collected during October 2015 
and September 2016 at Calvatone, around 90 km down-
stream from Lake Iseo, close to the confluence with the Po 
River; along the Ticino River three sites were sampled be-
tween 2020 and 2022: 25 individuals were collected in the 
fish passage at the Panperduto Dam (PAN) during April and 
May 2021, 20 individuals around 2 km downstream, at 
Somma Lombardo (SL) during May 2022, and 13 individ-
uals further downstream, at Pavia (PV) during July 2020, 
almost at the confluence with the Po River (Fig. 1).  

Following their capture, the fish were anesthetised 
(MS-222) and measured (fork length, nearest mm), and 
tissue samples (anal fin clips) were taken from each indi-
vidual, preserved in 95% ethanol and then stored at 4°C 
prior to DNA extraction. Following their recovery to nor-
mal behaviour, the fish were released to their approximate 
location of capture. 

Genetic analyses 

Extraction of genomic DNA was completed through 
a proteinase K digestion followed by sodium chloride ex-
traction and ethanol precipitation (Aljanabi and Martinez, 
1997). The genetic analyses then focused on the sequenc-
ing of the partial mitochondrial DNA Cytochrome b gene 
(cyt b) through the specific primer pair L15267 and 
H1646 (Briolay et al., 1998). Polymerase chain reaction 
(PCR) amplifications were performed with Multiplex 
PCR kit (Qiagen), in 10 µL reaction volume containing 
approximately 10 ng of template DNA and 0.2 µM primer 
pair. Thermal cycling was performed as follows: denatu-
ration of 15 min at 95°C, followed by 35 cycles of 94°C 
for 30 s, 90 sec at 55°C of annealing temperature and the 
extension step at 72°C for 90 s, the final elongation was 
at 72°C for 10 min. PCR products were purified using the 
EuroSAP kit (PCR Enzymatic clean-up kit-Euroclone) 
and sequenced at Macrogen Inc. 

The new haplotypes of cyt b were deposited in Gen-
Bank database under the accession numbers: OQ676372-
OQ676376. 

Sequences were manually aligned using BioEdit v. 
7.1.3.0 (Hall, 1999) to eliminate ambiguities and to check 
polymorphic sites. DNA polymorphism indices, like hap-
lotype diversity (H) and nucleotide diversity (π), were cal-
culated using DnaPS v. 5 (Librado and Rozas, 2009). In 
addition to the sequences obtained here, 50 sequences 

from GenBank database (Tab. S1) have been added to the 
dataset. These sequences are representative of both flu-
vio-lacustrine and reophilic ecophenotypes of Barbus 
species. In particular, all the sequences belonging to B. 
barbus and B. plebejus ever described in northern Italy 
have been added. The phylogenetic analyses were per-
formed using GTR (Lanave et al., 1984) model of se-
quences evolution as estimated with jModeltest v. 2.1.10 
(Darriba et al., 2012) and implementing two different op-
timality criteria: Bayesian analysis (BI) and maximum 
likelihood (ML). The BI analysis was performed using Mr 
Bayes v. 3.2 (Ronquist et al., 2012) with a Markov Chain 
Monte Carlo algorithm (MCMC): four simultaneous and 
independent Markov chains from random trees were 
started and run for 1,000,000 generations, with the first 
25,000 generations (2500 trees) discarded as the burn-in 
(p<0.01). The ML analysis was performed through Garli 
v. 1.0 software (Zwickl, 2006) and PAUP v. 4.0b10 soft-
ware (Swofford, 2003). Phylogenetic trees were visu-
alised using FigTree v. 1.4.3 (Rambaut, 2016) and rooted
using Barbus comizo (Steindachner, 1864) sequence (Tab. 
S1). To analyse the genealogical relationships within B.
barbus and B. plebejus sequences, Minimum Spanning
Networks (MSNs) were built on the same multiple align-
ment through a statistical parsimony criterion as available
in TCS v. 1 (Clement et al., 2000) using a confidence level
of ≥95% (14 mutational steps).

Historic demographic expansion was then investigated 
for B. barbus population in the Oglio River and Ticino 
River (all sampling sites combined) by analysing fre-
quency distributions of pairwise differences (mismatch 
distribution analysis) using DnaPS v. 5 (Librado and 
Rozas, 2009). 

RESULTS 

Eighty-six partials mitochondrial cyt b sequences (844 
bp in length) were obtained from 94 individuals of the 
sampled Barbus, sequencing of eight samples failed (Tab. 
1). Sequence alignment produced 13 haplotypes, of which 
five were unique. The phylogenetic analyses suggested 
that eight haplotypes fell within the B. barbus cluster, and 
five within the B. plebejus cluster (Fig. 2; Tab. 1). All 
eight haplotypes already present in the public database 
GenBank, have been already described in northern Italy 
(Tables 1 and S1). Two new described haplotypes fell 
within B. plebejus cluster, Pl01 and Pl02, and were re-
trieved at site Panperduto (PAN) and Somma Lombardo 
(SL), respectively, and three fell within B. barbus cluster: 
Ba01 found at PAN, whilst Ba02 and Ba03 in the Oglio 
River (Fig. 2; Tab. 1). Considering the upstream-down-
stream gradient within the Ticino River, it is possible to 
observe a change in the population composition. The most 
upstream site (PAN) is mostly represented by B. plebejus 
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individuals (64%), decreasing percentage moving down-
stream, being 11% at the second site (SL), up to complete 
replacement with B. barbus further downstream, at site 

PV (Fig. 1; Tab. 1). The Oglio River was composed only 
by B. barbus individuals. In the Ticino River, both species 
showed medium-high value of haplotype diversity (H), 

Fig. 2. Bayesian tree for Barbus sp. based on mitochondrial cyt b partial gene (844 bp). Statistical support for clades was expressed as 
percentage of bootstrap (1000 replicates) and as posterior probabilities values; only significant node supports (≥70%) are displayed. 
Trees were rooted using Barbus comizo (see Tab. S1).

Tab. 1. Haplotype distribution and genetic information based on cyt b mtDNA partial gene sequences (844 bp length). The population (ID), 
number of analysed specimens (N) and genetic diversity values (haplotype, H, and percentage of nucleotide, π%, diversity) are indicated. 

Barbus barbus Barbus plebejus

ID       N  BAR1 PK-451  Bb01   BAR3   Bb05   Ba01*  Ba02*  Ba03*   H±SD      π%±SD  Bp01    Bp11    Bp15    Pl01*    Pl02*   H±SD    π%±SD 

PAN   22      5 1            1 1 0.64±0.18  0.2±0.01    11           1            1            1 0.40±0.16  0.1±0.1 
SL      18      9 5            2 0.61±0.008 0.1±0.01     1 1       1±0.25    0.12±0.1 
PV     11      8            2 0.36±0.16  0.1±0.01 -               - 
OG     36     27          1 5 2           1    0.43±0.10 0.06±0.02 -               - 
Tot     86     49          3            1           11           2            1            2            1    0.49±0.07 0.01±0.02   12          1            1            1            1   0.45±0.151 0.1±0.2 
PAN, Panperduto Dam; SL, Somma Lombardo; PV, Pavia; OG, Oglio River; *unique haplotypes, GenBank Acc. No. OQ676372-OQ676376.
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and medium value of percentage of nucleotide diversity 
(π%), except for the most downstream site, PV, which 
yielded a lower haplotype diversity comparable to the 
haplotype diversity detected in the Oglio River (Tab. 1). 
The Minimum Spanning Networks (MSNs) gave a “radial 
pattern” around the two most widespread haplotypes 
(BAR1 and BAR3) for B. barbus (Fig. 3). The most fre-
quent B. barbus haplotypes (BAR1, BAR3 and PK-451) 
overlapped to haplotypes previously described in northern 
Italy (Fig. 3; Tab. S1), originated from the Danube River 
(Kotlík et al., 2004). Haplotype Bb05 and Bb01, previ-
ously described in the Po River basin (Meraner et al., 
2013), are connected to the second widespread haplotype 
BAR3 (Fig. 3). The two unique haplotypes, Ba02 and 
Ba03, are separated by one mutational step from the most 
widespread haplotype BAR1, whilst the unique haplotype 

Ba01 is separated by one mutational step from haplotype 
BAR3 (Fig. 3). The MSNs for B. plebejus (Fig. 3) mainly 
showed a radial pattern around the most widespread hap-
lotype (Bp01) widely described in the Brenta River, Adda 
River, Adige River and in general in the Po River basin 
(Meraner et al., 2010; Zaccara et al., 2014). The demo-
graphic analysis of both Ticino and Oglio River popula-
tions of the European barbel based on the distribution of 
haplotypes differences showed a unimodal trend (Fig. 4). 

DISCUSSION 

The management and regulation of invasive alien 
species can be strongly informed by their invasion genet-
ics (Hänfling, 2007). Information on the introduction his-

Fig. 3. Minimum spanning networks of Barbus barbus and Barbus plebejus based on mitochondrial cyt b partial gene (844 bp) and 
GenBank selected sequences (see Tab. S1). Each circle represents one haplotype, and the sizes of circles are proportional to the number 
of individuals sharing the same haplotype. White small circles represent missing haplotypes (mutational steps).
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tory of the invader, its biogeographic source, population 
connectivity, and co-occurrence with other species in both 
the native and invasive range can add knowledge on its 
genetic diversity in the invasive range, how this diversity 
varies spatially, and help to identify the introduction path-
ways (Lawson Handley et al., 2011; Bock et al., 2015; 
Hardouin et al., 2018). Moreover, in the case of many 
cyprinids such as barbels, the invasion process is facili-
tated by hybridization between the invader and the native 
species, with a consequent loss of native genetic diversity 
and locally adapted genotypes (Scribner et al., 2000; Za-
ccara et al., 2021). 

Previous studies highlighted the presence of the Euro-
pean barbel in the Po River basin (Meraner et al., 2013; Za-
ccara et al., 2014; Buonerba et al., 2015), providing 
evidence of its relevant spread with a risk of local extinction 
of the native species in the Italian large lowland rivers. In-
deed, the results of this study confirmed the presence of this 
invader in both lower Ticino and Oglio rivers, updating the 
current status of B. barbus invasion. Specifically, the lower 
Ticino showed a compromised population, with an increas-
ing presence of the invasive alien species moving down-
stream towards the confluence with the Po River. On the 
contrary, the genetic variability of B. barbus increased 
moving upstream with levels comparable to what observed 
in the Adda River (haplotype diversity range 0.65÷0.87) 
(Zaccara et al., 2014). The values of nucleotide diversity 
were instead lower by an order of magnitude (Adda River 
π between 0.016 and 0.020; Ticino River π between 0.001 
and 0.002) (Zaccara et al., 2014), suggesting a more recent 
differentiation. The lowland stretch of the Oglio River was 
instead composed only by B. barbus individuals, likewise 

the most downstream site of the Ticino River, both close to 
the confluence with the Po River.  

The gene genealogy of native B. plebejus provided a 
star phylogeny pattern suggesting a starburst radiation 
from one widespread, and largely distributed in northern 
Italy, haplotype (Bp02) (Meraner et al., 2013; Zaccara et 
al., 2014; Buonerba et al., 2015). This might reflect a re-
cent size expansion from a few numbers of founders 
(Avise, 2000), as previously proposed for the Adda River, 
where a significant demographic expansion after recent 
bottleneck was suggested (Zaccara et al., 2014). Indeed, 
studies inferring the phylogeography of other European 
fish species have mostly documented episodes of bottle-
necks during Pleistocene glaciations (Bernatchez, 2001; 
Kotlík and Berrebi, 2001). Thus, the genetic pattern of B. 
plebejus might be interpreted as consequence of the post-
glacial colonization of the Padano-Venetian district fol-
lowing the last glacial maximum (Bianco, 1995). 
However, this expansion is perturbed by the introduction 
of B. barbus. The B. barbus gene genealogy evoked a ra-
dial pattern around two widespread haplotypes, originally 
found in the Danube River (Kotlík et al., 2004), probably 
a consequence of stocking activities from a donor popu-
lation that originated in this river. However, the introduc-
tion of the European barbel into Italian waters has been 
reported since mid-90s (Bianco, 1995). The combination 
of relatively high values of haplotypes diversity (H) and 
low values of nucleotide diversity (π) found in both Ticino 
and Oglio rivers supports the hypothesis of a recent ex-
pansion of B. barbus starting from a low number of 
founders (Grant and Bowen, 1998) (i.e., stocking activi-
ties from a donor population) for both river populations. 

Fig. 4. Mismatch analysis based on nucleotide differences and frequencies among haplotypes based on mitochondrial cyt b partial gene 
(844 bp) of Barbus barbus individuals in Ticino River and Oglio River.
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Indeed, this hypothesis was further supported by a uni-
modal trend inferred through mismatch distribution analy-
sis, corresponding to an expanding population. The 
current study thus showed that B. barbus is expanding , 
probably favoured by clear waters, with fast currents and 
high concentration of oxygen, and by low impacted 
riverbeds (Britton and Pegg, 2011). 

Both species can be affected by the hydrological al-
teration of the regulated Ticino and Oglio rivers, mainly 
by the minimum flows which in recent years have been 
exacerbated by the climate change (Salmaso et al., 2021). 
Their habitat requirements vary with development; for B. 
barbus, areas in the littoral zone with minimal flow are 
important for larvae, riffle areas for juveniles, and mid-
channel habitats for adults (Britton and Pegg, 2011). Sim-
ilarly, the habitat availability for both juveniles and adults 
of B. plebejus increases with increasing values of mini-
mum flows (from 6% to 11% of mean annual natural 
flow), and only adults prefer high flows (around 100 m3/s) 
in the river reach of the lower Ticino characterized by the 
highest hydrological alteration (SL, few kilometres below 
the Panperduto Dam) (Quadroni et al., 2023b). It is there-
fore unlikely that hydrological alterations could have 
favoured one species over the other. On the contrary, the 
recovery of river connectivity within the Po River basin 
(Puzzi et al., 2017) has certainly favoured the expansion 
of the invasive alien barbel. Britton and Pegg (2011) re-
ported restoration of river connectivity along with of habi-
tat heterogeneity as a necessary management measure for 
the conservation of B. barbus. The construction of the so-
called “ecological webs” has thus a negative B-side re-
lated to the spread of allochthonous species. Indeed, in 
Italian watercourses where some reaches are inaccessible 
to B. barbus due to structures in the river preventing their 
upstream movement, pure autochthonous barbel popula-
tions still persist (Zaccara et al., 2021). 

CONCLUSIONS 

The combination of introduced B. barbus and anthro-
pogenic disturbances has substantial repercussions for the 
endemic B. plebejus. Whilst it is important to actively 
focus on tightening fishing and fisheries management reg-
ulations to stop B. barbus from spreading further in the 
investigated area and throughout Italy (Zaccara et al., 
2019a; Zaccara et al., 2019b), it is also fundamental to 
search for, isolate, culture and restock with purebred B. 
plebejus Italian rivers within the Padano-Venetian district 
and, at the same time, restoring the riverine habitats suit-
able for this species by implementing further mitigation 
measures against hydro-morphological alterations.  

In this study, the analysis concentrated only on the 
mithocondrial DNA (uniparental inheritance) did not allow 
to detect hybridization between B. plebejus and B. barbus, 

but the occurrence of this phenomenon where the mito-
chondrial lineages of the two species co-existed (i.e., Ticino 
sites) is highly probable. Thus, it would be also interesting 
to increase the knowledge on the hybrid lineages which can 
have a higher adaptive capacity than the native parental 
genotypes to altered environmental conditions that are 
driven by anthropogenic exploitation of the freshwater re-
sources (Oziolor et al., 2019; De Santis et al., 2021). 

ACKNOWLEDGMENTS 

This work was supported by the INTERREG Italian-
Swiss project “ParchiVerbanoTicino” funded by the Eu-
ropean Regional Development Fund (ERDF) ID 481668, 
and by the Cariplo Foundation project “Improving biodi-
versity through ecological and fluvial restoration meas-
ures and participatory planning of payments for 
ecosystem services in the Oglio Sud Regional Park”. We 
thank the staff of GRAIA Srl for fish sampling.  

REFERENCES 

Aljanabi SM, Martinez I, 1997. Universal and rapid salt-extraction 
of high quality genomic DNA for PCR-based techniques. 
Nucleic Acids Res 25:4692-4693.  

Avise JC, 2000. Phylogeography: The history and formation of 
species. Harvard, Harvard University Press: 464 pp.  

Bernatchez L, 2001. The evolutionary history of brown trout 
(Salmo trutta L.) inferred from phylogeographic nested clade 
and mismatch analyses of mitochondrial DNA variation. 
Evolution 55:351-379.  

Bianco P, 2003. Barbus plebejus Bonaparte 1939, p. 339-364. In: 
P. Banarescu and N. Bogutskaya (eds.), The freshwater fishes 
of Europe. Wiesbaden, AULA-Verlag.

Bianco PG, 1995. A revision of the Italian Barbus species 
(Cypriniforms: Cyprinidae). Ichthyol Explor Freshw 6: 
305-324.

Bianco PG, 2014. An update on the status of native and exotic 
freshwater fishes of Italy. J Appl Ichth 30:62-77.  

Bock DG, Caseys C, Cousens RD, Hahn MA, Heredia SM, 
Hübner S, et al., 2015. What we still don't know about 
invasion genetics. Mol Ecol 24:2277-2297.  

Briolay J, Galtier N, Brito RM, Bouvet Y, 1998. Molecular 
phylogeny of cyprinidae inferred fromcytochrome bDNA 
sequences. Mole Phyl Evol 9:100-108.  

Britton JR, Pegg J, 2011. Ecology of European barbel Barbus 
barbus: implications for river fishery and conservation 
management. Rev Fisher Sci 19:321-330.  

Buonerba L, Zaccara S, Delmastro GB, Lorenzoni M, Salzburger 
W, Gante HF, 2015. Intrinsic and extrinsic factors act at 
different spatial and temporal scales to shape population 
structure distribution and speciation in Italian Barbus 
(Osteichthyes: Cyprinidae). Mol Phylogenet Evol 89:115-129.  

Clement M, Posada D, Crandall K, 2000. TCS: a computer 
program to estimate gene genealogies. Mol Ecol 9:1657-1660.  

Cucherousset J, Olden JD, 2011. Ecological impacts of non-native 
freshwater fishes. Fisheries 36:215-230.  

Non
-co

mmerc
ial

 us
e o

nly



Barbus spp. in Italian lowland rivers 107

Cucherousset J, Olden JD, 2020. Are domesticated freshwater fish 
under appreciated culprit of ecosystem change. Fish Fisher 
21:1253-1258.  

Darriba D, Taboada GL, Doallo R, Posada D, 2012. jModelTest 
2: more models new heuristics and parallel computing. Nat. 
Meth. 9:772-772.  

David P, Thébault E, Anneville O, Duyck PF, Chapuis E, Loeuille 
N, 2017. Impacts of invasive species on food webs: a review 
of empirical data, p. 1-60. In: DA Bohan, AJ Dumbrell and F 
Massol (eds.), Networks of invasion: a synthesis of concepts. 
Oxford, Academic Press.  

De Santis V, Quadroni S, Britton RJ, Carosi A, Gutmann Roberts 
C, Lorenzoni M, et al., 2021. Biological and trophic 
consequences of genetic introgression between endemic and 
invasive Barbus fishes. Biol Inv 23:3351-3368.  

Didham RK, Tylianakis JM, Hutchison MA, Ewers RM, Gemmell 
NJ, 2005. Are invasive species the drivers of ecological 
change? Trends Ecol Evol 20:470-474.  

Dlugosch KM, Parker IM, 2008. Founding events in species 
invasions: genetic variation adaptive evolution and the role 
of multiple introductions. Mol Ecol 17:431-449.  

Estoup A, Guillemaud T, 2010. Reconstructing routes of 
invasion using genetic data: why how and so what? Mol 
Ecol 19:4113-4130.  

European Union, 1992. Council Directive 92/43/EEC of 21 May 
1992 on the conservation of natural habitats and of wild fauna 
and flora. Available from: https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=celex%3A31992L0043  

Freyhof J, Bergner L, Ford M, 2020. Threatened freshwater fishes 
of the Mediterranean basin biodiversity hotspot: distribution, 
extinction risk and the impact of hydropower. EuroNatur and 
RiverWatch: 348 pp.  

Gante HF, Alves MJ, Dowling TE, 2008. Development of 
cytochrome b primers for mitotyping of barbels (Barbus spp.). 
Mol Ecol Res 8:786-789.  

Geiger MF, Schreiner C, Delmastro GB, Herder F, 2016. 
Combining geometric morphometrics with molecular genetics 
to investigate a putative hybrid complex: a case study with 
barbels Barbus spp. (Teleostei: Cyprinidae). J Fish Biol 
88:1038-1055.  

Grant W, Bowen B, 1998. Shallow population histories in deep 
evolutionary lineages of marine fishes: insights from 
sardines and anchovies and lessons for conservation. J Hered 
89:415-426.  

Hall TA, 1999. BioEdit: a user-friendly biological 
sequencealignment editor and analysis program for 
Windows 95/98/NT. Nucleic Acids Symp Ser 41:95-98.  

Hänfling B, 2007. Understanding the establishment success of 
non-indigenous fishes: lessons from population genetics. J 
Fish Biol 71:115-135.  

Hänfling B, Bolton P, Harley M, Carvalho G, 2005. A molecular 
approach to detect hybridisation between crucian carp 
(Carassius carassius) and non-indigenous carp species 
(Carassius spp. and Cyprinus carpio). Freshwater Biol 
50:403-417.  

Hardouin EA, Andreou D, Zhao Y, Chevret P, Fletcher DH, 
Britton JR, Gozlan RE, 2018. Reconciling the biogeography 
of an invader through recent and historic genetic patterns: the 
case of topmouth gudgeon Pseudorasbora parva. Biol Inv 
20:2157-2171.  

Hayden B, Pulcini D, Kelly-Quinn M, O'Grady M, Caffrey J, 
McGrath, Mariani S, 2010. Hybridisation between two 
cyprinid fishes in a novel habitat: genetics morphology and 
life-history traits. BMC Evol Biol 10:169.  

Hermoso V, Clavero M, 2011. Threatening processes and 
conservation management of endemic freshwater fish in the 
Mediterranean basin: a review. Mari Freshwr Res 62:244-254. 

Hobbs RJ, Huenneke LF, 1992. Disturbance diversity invasion: 
Implications for conservation. Conserv Biol 6:324-337.  

Jackson MC, Wasserman RJ, Grey J, Ricciardi A, Dick JTA, 
Alexander ME, 2017. Novel and disrupted trophic links 
following invasion in freshwater ecosystems, p. 55-97. In: DA 
Bohan, AJ Dumbrell and F Massol (eds.), Networks of 
invasion: a synthesis of concepts. Oxford, Academic Press.  

Kotlík P, Berrebi P, 2001. Phylogeography of the barbel (Barbus 
barbus) assessed by mitochondrial DNA variation. Mol Ecol 
9:2177-2185.  

Kotlík P, Bogutskaya N, Ekmekci FG, 2004. Circum Black Sea 
phylogeography of Barbus freshwater fishes: divergence in 
the Pontic glacial refugium. Mol Ecol 13:87-95.  

Kottelat M, Freyhof J, 2007. Handbook of European freshwater 
fishes. Cornol, Publications Kottelat: 646 pp.  

Laini A, Bolpagni R, Cancellario T, Guareschi S, Racchetti E, 
Viaroli P, 2018. Testing the response of macroinvertebrate 
communities and biomonitoring indices under multiple 
stressors in a lowland regulated river. Ecol Indic 90:47-53.  

Lanave C, Preparata G, Saccone C, Serio G, 1984. A new method 
for calculating evolutionary substitution rates. J Mol Evol 
20:86-93.  

Lawson Handley LJ, Estoup A, Evans DM, Thomas CE, 
Lombaert E, Facon B, et al., 2011. Ecological genetics of 
invasive alien species. BioControl 56:409-428.  

Librado P, Rozas J, 2009. DnaSP: A software for 
comprehensive analysis of DNA polymorphism data. 
Bioinform 25:1451-1452.  

Meraner A, Baric S, Pelster B, Dalla Via J, 2010. Microsatellite 
DNA data point to extensive but incomplete admixture in a 
marble and brown trout hybridisation zone. Conserv Genet 
11:985-998.  

Meraner A, Venturi A, Ficetola GF, Rossi S, Candiotto A, 
Gandolfi A, 2013. Massive invasion of exotic Barbus barbus 
and introgressive hybridization with endemic Barbus 
plebejus in Northern Italy: where how and why? Mol Ecol 
22:5295-5312.  

Mollot G, Pantel JH, Romanuk TN, 2017. The effects of invasive 
species on the decline in species richness: a global meta-
analysis. In: DA Bohan, AJ Dumbrell and F Massol (eds.), 
Networks of invasion: a synthesis of concepts, p. 61-83. 
Oxford, Academic Press.  

Monroe JB, Baxter CV, Olden JD, Angermeier PL, 2009. 
Freshwaters in the public eye: understanding the role of 
images and media in aquatic. Fisheries 34:581-585.  

Oziolor EM, Reid NM, Yair S, Lee KM, Guberman VerPloeg S, 
Bruns PC, et al., 2019. Adaptive introgression enables 
evolutionary rescue from extreme environmental pollution. 
Science 364:455-457.  

Pimentel D, Lach L, Zuniga R, Morrison D, 2000. Environmental 
and economic costs of nonindigenous species in the United 
States. BioSci J 50:53-65.  

Puzzi CM, Trasforini S, Sartorelli M, Tamborini D, 2017. [La 

Non
-co

mmerc
ial

 us
e o

nly

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A31992L0043
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A31992L0043


C.M. Antognazza et al.108

ricostituzione e monitoraggio del corridoio ecologico fluviale 
del fiume Ticino].[Article in Italian]. Proceedings Nat. Congr. 
AIIAD 2016, Popoli, Italy. Ital J Freshw Ichthyol 4. 

Quadroni S, De Santis V, Carosi A, Vanetti I, Zaccara S, Lorenzoni 
M, 2023a. Past and present environmental factors 
differentially influence genetic and morphological traits of 
Italian barbels (Pisces: Cyprinidae). Water 15:325. 

Quadroni S, Servanzi L, Crosa G, 2023b. [Studio della 
disponibilità di habitat e delle sue variazioni in funzione delle 
scelte gestionali].[Report in Italian]. Report 5.3 progetto 
INTERREG Italia-Svizzera “ParchiVerbanoTicino”: 29 pp. 

Racchetti E, Salmaso F, Pinardi M, Quadroni S, Soana E, Sacchi 
E, et al., 2019. Is flood irrigation a potential driver of river-
groundwater interactions and diffuse nitrate pollution in 
agricultural watersheds? Water 11:2304.  

Rambaut A, 2016. FigTree. Available from: http://tree.bio.ed. 
ac.uk/software/figtree/  

Ronquist F, Teslenko M, Van der Mark P, Ayres DL, Aaron 
Darling A, et al., 2012. MrBayes 3.2: Efficient Bayesian 
phylogenetic inference and model choice across a large model 
space. Syst Bio 61:539-542.  

Salmaso F, Crosa G, Espa P, Quadroni S, 2021. Climate change 
and water exploitation as co-impact sources on river benthic 
macroinvertebrates. Water 13:2778.  

Salmaso F, Quadroni S, Gentili G, Crosa G, 2016. Thermal regime 
of a highly regulated Italian river (Ticino River) and 
implications for aquatic communities. J Limnol 76:1437  

Scribner KT, Page KS, Bartron ML, 2000. Hybridization in 
freshwater fishes: a review of case studies and cytonuclear 
methods of biological inference. Rev Fish Biol Fish 
10:293-323.  

Sheath DJ, Williams CF, Reading AJ, Britton JR, 2015. Parasites 
of non-native freshwater fishes introduced into England and 
Wales suggest enemy release and parasite acquisition. Biol 
Inv 17:2235-2246.  

Simberloff D, Martin JL, Genovesi P, Maris V, Wardle DA, 
Aronson J, et al., 2013. Impacts of biological invasions: 
what’s what and the way forward. Trends Ecol Evol 28: 
58-66.

Smith KG, Darwall WRT, 2006. The status and distribution of 
freshwater fish endemic to the Mediterranean Basin. Gland, 
IUCN: 44 pp.  

Strayer DL, 2006. Challenges for freshwater invertebrate 
conservation. North Am Benthol Soc 25:271-287.  

Strayer DL, Dudgeon D, 2010. Freshwater biodiversity 
conservation: recent progress and future challenges. J North 
Am Benthol Soc 29:344-358  

Swofford DL, 2003. PAUP*: phylogenetic analysis using 
parsimony version 4.0 b10.  

Tsigenopoulos CS, Karakousis Y, Berrebi P, 1999. The North 
Mediterranean Barbus lineage: phylogenetic hypotheses and 
taxonomic implications based on allozyme data. J Fish Biol 
54:267-286.  

Tsigenopoulos CS, Kotlik P, Berrebi P, 2002. Biogeography and 
pattern of gene flow among Barbus species (Teleostei: 
Cyprinidae) inhabiting the Italian Peninsula and neighbouring 
Adriatic drainages as revealed by allozyme and mitochondrial 
sequence data. Biol J Linn 75:83-99.  

Zaccara S, Antognazza CM, Buonerba L, Britton RJ, Crosa G, 
2014. Human-mediated contact zone between endemic and 
invasive Barbus species (Osteichthyes: Cyprinidae) in a 
regulated lowland river: genetic inferences and conservation 
implications. Ital J Zool 81:571-583.  

Zaccara S, Quadroni S, De Santis V, Vanetti I, Carosi A, Britton 
R, Lorenzoni M, 2019a. Genetic and morphological analyses 
reveal a complex biogeographic pattern in the endemic barbel 
populations of the southern Italian peninsula. Ecol Evol 
9:10185-10197.  

Zaccara S, Quadroni S, Vanetti I, Carosi A, La Porta G, Crosa G, 
et al., 2019b. Morphologic and genetic variability in the 
Barbus fishes (Teleostei Cyprinidae) of Central Italy. Zool Scr 
48:289-301.  

Zaccara S, Quadroni S, De Santis V, Vanetti I, Carosi A, Crosa G, 
et al., 2021. Genetic and phenotypic displacement of an 
endemic Barbus complex by invasive European barbel 
Barbus barbus in central Italy. Biol Inv 23:521-535.  

Zerunian S, 2003.[Piano d'azione generale per la conservazione 
dei Pesci d'acqua dolce italiani].[Report in Italian]. Quad. 
Cons. Natura 17. Min. Ambiente - Ist. Naz. Fauna Selvatica. 

Zwickl DJ, 2006. Genetic algorithm approaches for the 
phylogenetic analysis of large biological sequence datasets 
under the maximum likelihood criterion. PhD Thesis, The 
University ofTexas at Austin. Available from: https:// 
repositories.lib.utexas.edu/handle/2152/2666

Online supplementary material: 
Tab. S1. Sequences selected from GenBank database for phylogenetic and minimum spanning network reconstruction.

Non
-co

mmerc
ial

 us
e o

nly

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
https://repositories.lib.utexas.edu/handle/2152/2666
https://repositories.lib.utexas.edu/handle/2152/2666
https://repositories.lib.utexas.edu/handle/2152/2666



