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ABSTRACT

Palaeogeographic and tectonic rearrangements of rivers have significantly influenced the phylogeography of Iberian and North African freshwater 
fishes, but their impact remains unclear. We revisit the phylogeographic relationships and diversification timelines of Cobitis (spined loaches, family 
Cobitidae) on both sides of the Strait of Gibraltar. Sampling 230 sites across 41 river basins, we analysed genetic variability using haplotype net-
works of two mitochondrial (Cytb and COI) and two nuclear (S7 and RAG-1) genes. A time-calibrated multilocus phylogeny was constructed and 
compared with the evolution timeline of the Iberian hydrographic network. Our results indicate that Iberian and North African Cobitis are 
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monophyletic at the mitochondrial, but not at the nuclear level. Three new mitochondrial lineages, potentially new species, were identified in 
Iberia (2) and Morocco (1). Most Iberian Cobitis show wide distributions and frequent sympatry in major basins. Diversification started in the 
Mid-Late Miocene (7.9–8.9 Mya), with major speciation during the Late Miocene–Pliocene transition (6.5–5.7 Mya). Palaeographic changes in 
river basins, from endorheic to exorheic regimes, probably affected Cobitis speciation. Tectonic strike-slip faults probably influenced isolation, 
genetic mixing, and incomplete lineage sorting, particularly along Atlantic margins. These results highlight the interplay of geological and evolu-
tionary processes in shaping freshwater fish diversity.

Keywords: Strait of Gibraltar; phylogeography; mitochondrial and nuclear genes; tectonic strike-slip faults

I N T RO D U CT I O N
The Mediterranean peninsulas are home to nearly half of the native 
European freshwater fishes, including at least 250 endemic species 
(Smith and Darwall 2006, Freyhof and Brooks 2011). This figure 
would increase by over 50% when accounting for the newly 
described endemic species over the past two decades, with more 
than 20 of them in the Iberian Peninsula alone (SIBIC 2017, 
http://www.cartapiscicola.es/#/home). Such a high level of ende-
mism reflects the partial or complete isolation of river basins in 
the Mediterranean peninsulas from those in Central Europe and 
their highly fragmented hydrographic networks (Bănărescu 
2001). The Iberian Peninsula has been isolated from the rest of 
Europe by the Pyrenees since the Miocene (Stange et al. 2016), 
and since then, primary freshwater fishes (hereafter FWF) that 
are strictly intolerant to salt water (Myers 1966) have been diverg-
ing in allopatry, resulting in a high proportion (over 80%) of 
endemic FWF species (Doadrio et al. 2011).

Most Iberian FWF species are restricted to one or a few adja-
cent basins (Doadrio 2001, Filipe et al. 2009). Their disjunct dis-
tributions are generally explained as a consequence of the 
endorheic origin of most Iberian basins during the Miocene 
(Sousa-Santos et al. 2019), further reinforced by historical barri-
ers, such as basin boundaries, orogenic processes, and tectonic 
faulting (Gómez and Lunt 2008, Filipe et al. 2009). The shift to 
an exorheic regime, where basins become open and began drain-
ing to the sea in the Pliocene–Pleistocene, further contributed to 
these distribution patterns (Sousa-Santos et al. 2019). The natural 
co-occurrence of native FWF species across basins can be 
explained by two non-exclusive hypotheses. Under the first 
hypothesis, headwater stream captures, promoted by tectonic 
adjustments, connected independent basins, enabling FWF spe-
cies that had previously diverged in allopatry to coexist. The sec-
ond one proposes that past, climate-induced marine regression 
episodes promoted the connection of adjacent independent 
basins. Under both hypotheses, Iberian FWF would have been 
able to disperse across previously isolated basins, thus promoting 
species’ exchange and the colonization of previously unconnected 
rivers (Dias et al. 2000, Schönhuth et al. 2015, Lima et al. 2017, 
Shelley et al. 2020).

Iberian primary FWF belong to the large and widespread order 
Cypriniforms, which includes only two genera occurring on both 
sides of the Strait of Gibraltar: Luciobarbus, consisting of more 
than 10 species, has a wide North African distribution (Morocco, 
Argelia, Tunisia), and Cobitis, which is represented by a single 
species (Cobitis maroccana), with a restricted range in northern 
Morocco. The trans-continental distribution of Luciobarbus and 
Cobitis probably resulted from the dispersal of lineages via 

connections between some southern Iberian hydrographic net-
works and North Africa during the Miocene (the Lago Mare 
phase) before the opening of the Strait of Gibraltar, approximately 
5.3 million years ago (Mya) (Machordom and Doadrio 2001, 
Doadrio and Perdices 2005, Gante 2011). A more recent connec-
tion between the Iberian Peninsula and North Africa during the 
Late Pleistocene, after the opening of the Strait of Gibraltar, has 
been proposed to explain the distribution of other trans-continental 
(terrestrial) species, such as Chamaleo chamaleon and Hyla merid-
ionalis (Harris et al. 2002, Carranza et al. 2004, 2006). However, 
evidence indicates that human-mediated translocations played a 
role in the present distributions of these species (Paulo et al. 2002, 
Recuero et al. 2007). The influence of the recent connection on 
the biogeography of more water-dependent organisms, such as 
FWF, remains unclear.

Spined loaches of the genus Cobitis are small in size, benthic, 
and have limited dispersal ability and a complex taxonomy (Doad-
rio and Perdices 2005, Kottelat 2012, Perdices et al. 2016). The 
genus is currently found throughout the Palaearctic, including the 
Mediterranean peninsulas and North Africa (Perdices et al. 1995), 
and frequent occurrences of hybrid complexes are known through-
out its distribution range (Bohlen and Rab 2001). Based on pre-
vious analyses of mitochondrial DNA (mtDNA) cytochrome b, 
seven endemic species have been described for the Iberian Pen-
insula: C. almadae, C. atlantica, C. calderoni, C. haasi, C. mellaria, 
C. paludica, and C. vettonica; while only one endemic species, C. 
maroccana, has been documented in North Africa (Doadrio and 
Perdices 2005, Perdices et al. 2016, Doadrio et al. 2024). The dis-
tribution ranges of the Iberian spined loaches are highly heterog-
enous. Cobitis calderoni and C. paludica are found across the 
northern and central-southern Iberian basins, respectively, 
whereas C. almadae, C. atlantica, C. haasi, and C. mellaria are 
restricted to a single or a few adjacent basins (Doadrio et al. 2024). 
Cobitis maroccana is restricted to only two basins in northern 
Morocco (Azeroual et al. 2000). Except for C. vettonica, which is 
sympatric with C. paludica throughout its range (Doadrio et al. 
2011, Perdices and Coelho 2020), the species are allopatric. 
Hybridization has been documented only between sympatric C. 
paludica and C. vettonica (Corral-Lou et al. 2022), although it has 
also been hypothesized for other species pairs, such as C. paludica 
and the southern lineage of C. atlantica (Doadrio et al. 2024), sug-
gesting that allopatric diversification is not the only factor influ-
encing the current distribution of Cobitis species (Doadrio and 
Perdices 2005).

In this study, we assess the phylogenetic status and phylogeog-
raphy of the Iberian and Moroccan Cobitis species based on mito-
chondrial [cytochrome b (Cytb); cytochrome c oxidase subunit I 
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(COI)] and nuclear [recombination activation gene 1 (RAG-1); 
ribosomal protein s7 gene (S7)] genes to infer the biogeographical 
processes that drove their current distribution. To address histor-
ical connections, the analysis of the two closely related species C. 
maroccana and C. mellaria inhabiting either side of the Strait of 
Gibraltar will be particularly useful. In addition, we use updated 
information on species’ distributions in the major Iberian basins 
to identify and evaluate past river connectivity and palaeobasin 
evolution, and to infer recent scenarios of river connectivity. 
Through the mitochondrial and nuclear gene analyses, we also 
delimit the distribution of the Iberian Cobitis lineages and identify 
areas with admixed individuals, constituting potential hybrid zones.

M AT E R I A L S  A N D  M ET H O D S
Study area and sample collection

A total of 690 new specimens were analysed and assigned to one 
of the eight Cobitis species described for the Iberian Peninsula and 
Morocco: C. almadae, C. atlantica, C. calderoni, C. haasi, C. maro-
ccana, C. mellaria, C. paludica, and C. vettonica. Individuals were 
collected from 230 sites distributed across 41 river basins covering 
the main Iberian basins and the two Moroccan river basins inhab-
ited by C. maroccana (Fig. 1; Supporting Information, Table S1). 
Five specimens of C. bilineata from native Italian and introduced 
Iberian localities were sequenced and used as outgroups. Available 
Cytb sequences (140) and COI (8) from Iberian and Moroccan 
specimens from previous studies (Perdices and Coelho 2020, 

Perdices and Doadrio 2001, Doadrio and Perdices 2005, Clavero 
et al. 2023) were also included in the analyses, and for some of 
these specimens, the mitochondrial (Cytb, COI) and nuclear 
(RAG-1, S7) genes were newly sequenced and added to the dataset 
(Supporting Information, Table S1). A map of sampling sites was 
constructed using QGIS software v.3.0 (http://www.qgis.org) 
based on geographical coordinates recorded by GPS at the time 
of sampling or raw information from fieldwork notes was subse-
quently post-transferred to coordinates using Google Earth (Sup-
porting Information, Table S1).

Spined loaches were sampled by electrofishing, hand, or fyke 
netting. Tissue samples were taken by clipping a small portion of 
the caudal or pectoral fins. Some of the collected specimens were 
euthanized with an overdose of the anaesthetic MS-222 (tricaine 
methanesulfonate), clove oil/eugenol, or 95% ethanol and imme-
diately preserved in 95% ethanol in the field. The study was con-
ducted under permits granted by the governmental administrations 
of Portugal, Spain, and Morocco, and conformed to international 
guidelines and national legislation regarding animal capture, han-
dling, and experimentation for scientific purposes.

DNA extraction, polymerase chain reaction amplification, 
and sequencing

DNA extraction and polymerase chain reaction (PCR) amplification 
of the four genes (Cytb, COI, RAG-1, and S7) were performed in 
three laboratories: Museo Nacional de Ciencias Naturales (MNCN, 
Madrid), Centro de Investigação em Biodiversidade e Recursos 

Figure 1. Map of the Iberian Peninsula and northern Morocco showing the main Atlantic faults (based on  Pais et al. 2012) and hydrographical 
networks. Sampling locations and geographical distribution of the Iberian and Moroccan Cobitis species analysed, including the  three new 
Cobitis lineages and the outgroup (C. bilineata), are indicated by the different colours (colour code corresponds across figures). Delineation of 
the distribution area of the Cobitis species or lineages is based on the Cytb analysis.
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Genéticos (CIBIO-InBIO, Porto), and Centre for Advanced Studies 
(CEAB, Blanes). Genomic DNA was extracted using the Charge 
Switch gDNA Microtissue Kit (Invitrogen, Inc.), EasySpin Genomic 
DNA Tissue Kit (Citomed, Lisbon, Portugal), or QIAGEN DNeasy 
Blood and Tissue Kit (QiagenTM, Hilden, Germany), according to 
the manufacturer’s protocol (primers and PCR conditions provided 
in Supporting Information, Table S2). All PCR products were 
checked on 0.8%–1% or 2% agarose gels and cleaned with EXOSAP 
according to the manufacturer’s protocol. In the case of S7, double 
bands were observed. The bands were gel excised from 1% low melt-
ing point agarose gels and then cleaned with EXOSAP. Sequencing 
was performed in-house using an Applied Biosystems 3130xl 
Genetic Analyzer (CIBIO-InBIO) or by the sequencing service, 
Macrogen, Inc. (Spain) or Secugen, Inc. (Spain) using the BigDye 
Terminator v.3.1 Cycle Sequencing Kit (Applied Biosystems) and 
the forward and reverse primers of each marker. The fragment size 
sequenced was 1103 base pairs (bp) for Cytb, 605 bp for COI, 
1373 bp for RAG-1 (exon 3), and 564 bp (including gaps) for S7. The 
new sequences were deposited in GenBank (Accession Numbers 
PX552905-PX553004, PX553012-PX553891, PX579137- 
PX579456, PX617885-PX618015, PX618252-PX618438, 
PX63704-PX63708).

Phylogenetic and phylogeographic analyses
Chromatograms and alignments were verified using 
SEQUENCHER v.4.0 (Gene Codes Corporation, Inc.) or SEQS-
CAPE v.2.5 (Applied Biosystems). For each gene, nucleotide com-
position was examined for variable sites, and a χ2 homogeneity test 
of base frequencies for all positions was checked using PAUP_4.0a 
(Swofford 2002). No gaps were found for Cytb, COI, and RAG-1 
sequences; six gaps with 26 missing nucleotides were found in the 
S7 sequences. A collapse haplotype dataset was obtained for the 
mitochondrial genes in DnaSP v.5.10.1 (Librado and Rozas 2009) 
for the phylogenetic and phylogeographic analyses. However, due 
to the low quality of some sequences at the beginning and end of 
the Cytb, two datasets were generated: a full-length dataset of frag-
ments with the maximum size, which included haplotypes repre-
sentative of all the lineages for the phylogenetic analysis (Cytb: 
1103 bp, Nhap = 225; COI: 605 bp, Nhap = 112), and a short-length 
dataset consisting of the overall set of sequences for phylogeo-
graphic analysis (Cytb: 904 bp, Nseq = 802, Nhap = 226; COI: 605 bp, 
Nseq = 310, Nhap = 101). In the case of the nuclear genes (RAG-1: 
1373 bp, Nhap = 126; S7: 564 bp, Nhap = 162), haplotypes were 
phased using the PHASE algorithm (Stephens and Donnelly 
2003), as implemented in DnaSP v.5.10.1 (Librado and Rozas 
2009), and following the default parameter settings.

Phylogenetic analyses were conducted using the full-length data-
set of each of the four markers (Cytb, COI, RAG-1, and S7) and the 
two combined full-length datasets: (i) Cytb + COI (N = 263, 
1708 bp) and (ii) RAG-1 + S7 (N = 314, 1937 bp). Maximum like-
lihood (ML) and Bayesian inference (BI) analyses were performed 
in PhyML 3.0 on the ATGC platform (Guindon et al. 2010) and 
MrBayes v.3.0 (Ronquist and Huelsenbeck 2003), respectively. For 
ML, we used PhyML with the BI criterion selection of the evolu-
tionary model and 1000 bootstrap replicates to assess branch sup-
port. For BI, two runs of four Markov chains Monte Carlo (MCMC) 
were run simultaneously for 10–50 million generations, sampling 
every 1,000-5,000 generations. Log-likelihood stability was reached 

after 25,000 generations and the first 25% of trees were discarded 
as burn-in. The remaining trees were used to compute a 50% major-
ity rule consensus tree. Posterior probability values were used to 
assess the robustness of the inferred tree. Majority-rule consensus 
trees were edited with FigTree v.1.4.4. Genetic distances (uncor-
rected p) among lineages were calculated for the Cytb full-length 
dataset using PAUP 4.0b1 (Swofford 2002) and SEQUENCER 
(provided by B. Kessing) for comparison with previous studies 
(Doadrio and Perdices 2005, Doadrio et al. 2024).

Haplotype network analyses of the mitochondrial (short-length 
datasets of Cytb and COI) and nuclear markers (RAG-1 and S7) 
were performed in PopArt using a median-joining algorithm 
(Leigh and Bryant 2015), with ambiguities treated as missing data. 
Phylogeographic relationships of lineages were visualized using 
QGIS v.3.0 (www.qgis.org).

Divergence times
To estimate divergence time among Cobitis species and lineages, 
we used the mitochondrial Cytb and nuclear (RAG-1 + S7) data-
sets and a relaxed molecular clock as implemented in BEAST2 
v.2.7.4 (Bouckaert et al. 2014). The temporal origin of the mtDNA 
lineages was estimated using the Cytb haplotype matrix with 225 
haplotypes (1103 bp), calibrating the molecular clock with a 
strong prior to the clock substitution rate of 0.0034 subs/site/
Myr, following Doadrio and Perdices (2005). We then performed 
another analysis on the nuclear dataset (RAG-1 + S7) (314 taxa, 
1937 bp), setting a TMRCA prior on the clade comprising C. 
maroccana and C. mellaria (log-normal distribution with mean in 
real space, mean = 5, SD = 0.1, encompassing an interval from 4 to 
6 Mya). This prior represents the hypothetical ancestral lineage 
that gave rise to the Iberian and North African groups after the 
opening of the Strait of Gibraltar and had no subsequent contact 
(Machordom and Doadrio 2001, Doadrio and Perdices 2005, 
Gante 2011). Additionally, species’ tree analyses (startbeast3) 
were performed using the TMRCA prior, with the mtDNA, 
nuclear, and combined (mtDNA + nuclear) datasets. The latter 
failed to converge and is not shown in the results. For these anal-
yses, we used the following specifications and priors: bModelTest 
module to average over substitution models during the search, 
optimized relaxed molecular clocks, birth and death model as the 
tree prior, and non-informative priors on substitution rates [either 
gamma distribution (0.1,1) or log-normal (1.0,0.2)] when cali-
brated with the TMRCA prior. We also ran haplotypic analyses 
(mtDNA and nDNA) with a Bayesian skyline coalescence prior 
to check for the effect of the tree prior on the final topology of the 
trees. For the haplotype analyses, simulations were run for 108 
generations, sampling the MCMC every 104 generations; for the 
species’ tree analyses, they were run for 5 × 107 generations. Con-
vergence of the MCMC was visually assessed in TRACER v.1.7.2 
(Rambaut et al. 2018), and the results of the analyses were syn-
thesized and annotated in a maximum clade credibility (MCC) 
tree in TreeAnnotator v.2.7.4 (Drummond and Rambaut 2007).

R E SU LTS
Phylogenetic and phylogeographic analyses

The phylogenetic trees based on ML and BI approaches were 
largely congruent for each gene (Fig. 2; Supporting Information, 
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Figs S1–S3). In general, the mitochondrial phylogenies showed 
greater resolution compared to the nuclear ones, with the Cytb 
one being the most resolved (Fig. 2) and the RAG-1 one the least 
(Supporting Information, Fig. S2). In all cases, C. calderoni was 
the most differentiated taxon and the sister-species of all the 
remaining Cobitis species analysed, which formed a monophyletic 
group with strong support. We refer to this major group as the 
‘Ibero-Moroccan dimorphic Cobitis clade’ due to their display of 
secondary sexual dimorphism, such as the presence of the scale 
of Canestrini on the male pectoral fins, whereas C. calderoni does 
not exhibit any secondary sexual character (Perdices and Doadrio 
1997a, b).

Mitochondrial variation
The COI and Cytb phylogenies were congruent, though the latter 
was more resolved (Fig. 2; Supporting Information, Fig. S1). In 
these phylogenies, C. maroccana, which was subdivided into two 
lineages (C. maroccana from the Sebou basin, and C. maroccana 
from the Loukkos basin), with C. mellaria always recovered as 
sister-species. Cobitis haasi was recovered as a divergent Cytb lin-
eage of C. paludica, though this finding was not well supported in 
the COI phylogeny. The remaining species were reciprocally 
monophyletic with high support but without clear sister-group 
relationships. Two highly divergent monophyletic lineages of C. 
paludica, C. paludica from the Guadiana basin and C. paludica from 
the Mira basin, were found making the species paraphyletic.

The highest mean percentage of divergence for Cytb (uncor-
rected p-distances, Table 1) was found between C. calderoni and 
the other Cobitis lineages, with values ranging from 8.04% to 10%. 
Within the Ibero-Moroccan dimorphic clade, the highest distance 
was observed between C. maroccana from the Loukkos basin and 
C. almadae (6.44% ± 0.13), and the lowest distances, between C. 
paludica and C. haasi (2.17% ± 0.24), C. atlantica (2.61% ± 0.31), 
and C. vettonica (2.78% ± 0.30). The divergence between the 
monophyletic lineages C. paludica from the Guadiana basin and 
C. paludica from the Mira basin and the remaining Ibero-Moroccan 

Cobitis ranged between 3.01% ± 0.21 (C. paludica from the Mira 
basin vs. C. paludica) and 5.50% ± 0.29 (C. paludica from the Gua-
diana basin vs. C. maroccana from the Loukkos basin).

The median-joining haplotype networks for both mitochon-
drial gene results were consistent with the phylogenetic trees (Figs 
3–4), showing a clear segregation of C. calderoni from the other 
species and lineages. Notably, all species exhibited a high number 
of specific Cytb and COI haplotypes, with C. paludica being the 
most diverse.

In the Cytb network (Fig. 3), a total of 226 haplotypes were 
observed. Cobitis paludica had a central position in this network, 
with haplotypes differing by 18 to 29 mutations from those of the 
other species and lineages of the Ibero-Moroccan dimorphic Cobi-
tis clade. The network structure within of C. calderoni, C. almadae, 
C. atlantica, C. mellaria, C. vettonica, and C. paludica from the Mira 
basin showed between one and four most common haplotypes, 
with other con-specific haplotypes linked by 1 to 15 mutations. 
Cobitis paludica from the Guadiana basin and C. maroccana from 
the Sebou and Loukkos basins showed a decentralized configura-
tion, with almost every individual having a unique haplotype, 
differing by 1 to 10 mutations from the others. For C. maroccana, 
the network was split into two branches (C. maroccana from the 
Sebou basin and C. maroccana from the Loukkos basin), consistent 
with the phylogenetic results. For C. almadae, two ancestral Cytb 
haplotypes (H26, H28) were found dispersed across the Duero, 
Tagus (especially the Sorraia sub-basin), Mondego, Lis, and 
Samarra basins. Other derived, less frequent haplotypes were 
found in the Sizandro and other Tagus sub-basins. For C. atlantica, 
four common haplotypes (H30, H33, H34, H35) were distributed 
throughout the Atlantic basins of Minho, Cávado, Duero, Vouga, 
Mondego, Lis, Alcoa, Lizandro, Tagus ( Jamor, Maior, Laje, Bar-
carena, Zézere), Sado, Melides, Mira, and Lagos. Other less com-
mon haplotypes were found in the Junqueira, Arade, Guadiana, 
and Alvor basins. For C. paludica, the ancestral Cytb haplotype 
(H10) was widespread across the major basins of the Duero, 
Tagus, Guadiana, and Guadalquivir, as well as medium-minor 

Figure 2. Phylogenetic relationships among Iberian and Moroccan Cobitis based on the Cytb gene and ML inference. Posterior probabilities and 
bootstrap values are indicated above branches. The colour of the branches corresponds to the colours shown in Figure 1.
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basins like the Besòs, Ter, Júcar, Cávado, Sado, and Mira. Other 
less frequent haplotypes were found across the distribution range 
of the species. Remarkably, the haplotype found in the type local-
ity of C. paludica (H197) was highly divergent from the other ones 
of the species. Three frequent and exclusive haplotypes (H3, 
H195, H196) dispersed across the Ebro (Matarraña and Júcar), 
along with some other exclusive ones, characterize the haplotype 
configuration of C. haasi. The ancestral haplotypes of C. vettonica 
(H31, H44) were found in the Tagus (Alagón, Erges, Aravil, Pon-
sul sub-basins) and Duero (Águeda and Tormes sub-basins), with 
10 mutational steps between them, co-occurring with less fre-
quent haplotypes. The ancestral Cytb haplotype (H85) of C. mel-
laria and other less frequent haplotypes were exclusive to the 
species and dispersed across the small southern basins of Salado, 
Barbate, Valle, Jara, and de la Vega. The haplotypes of the new 
lineage C. paludica from the Guadiana basin were distributed in 
the Guadiana mainstem and some sub-basins, including the 
Ardila, Estena, Ruecas, and Vascão, while those of C. paludica from 
the Mira basin were exclusive to the Mira basin, including the Tor-
gal and Telhares sub-basins.

In the COI network (Fig. 4), a total of 101 haplotypes were 
identified, with new lineage C. paludica from the Guadiana basin 
occupying a central position and differing by 11 to 17 mutations 
from the other species and lineages (Fig. 4). Haplotypic diversity 
was low, with no haplotypes shared across species or lineages, and, 
as in the Cytb network, C. paludica exhibited the greatest diversity. 
The network configuration for C. calderoni, C. almadae, C. atlan-
tica, C. mellaria, C. vettonica, and C. paludica from the Mira basin 
showed few common haplotypes, with haplotypes linked by less 
than six mutations. A decentralized haplotype network was 
observed for C. maroccana and C. paludica from the Guadiana 
basin, with almost every individual presenting an exclusive single 
haplotype (Fig. 4).

Nuclear variation
In the nuclear phylogenies based on the phased haplotypes, only 
C. calderoni was recovered as a monophyletic group, while the other 
groups were unresolved (Supporting Information, Figs S2, S3). 
For the Ibero-Moroccan dimorphic clade, individuals exhibiting 
nuclear phased haplotypes (RAG-1 and S7) of two mitochondrial 
species were often found, and most species could not be differen-
tiated at the nuclear level (Supporting Information, Figs S2, S3).

The nuclear networks based on the phased haplotypes showed 
a clear segregation of C. calderoni, C. paludica from the Guadiana 
basin, C. maroccana, and C. mellaria (Figs 5, 6), with the last two 
species sharing alleles in the RAG-1 network (Fig. 5). All other 
species of the Ibero-Moroccan dimorphic clade showed a high 
proportion of haplotype mixture, with individuals showing 
alleles from diverse mitochondrial species. For most of the spe-
cies and lineages, the S7 and RAG-1 network configurations 
showed between one and four common haplotypes, with other 
haplotypes linked by a few mutational steps (<6). Cobitis vetton-
ica and C. paludica from the Mira basin were the exceptions, 
showing undefined haplotype networks mainly related to C. palu-
dica haplotypes. For both nuclear genes, C. paludica showed the 
highest number of haplotypes and the highest degree of haplo-
type mixture with the other species. Specifically, C. paludica 
shared RAG-1 and S7 alleles with C. vettonica, C. atlantica, C. 
almadae, Cobitis from the Mira basin, and Cobitis from the Gua-
diana. Cobitis almadae also shared RAG-1 and S7 alleles with C. 
atlantica and C. paludica.

Divergence time
Estimates of divergence time were consistent among analyses, 
whether using the calibration point of the opening of the Strait of 
Gibraltar (4–6 Mya) or the 0.0034% Cytb divergence estimated 
between C. maroccana and C. mellaria. Generally, similar results 

Figure 3. Cytb haplotype network. Transversal dashes on the linkage lines indicate the number of mutational steps between haplotypes. The 
number is indicated in the cases with more than six steps. The p-distances (%) and number of mutational steps are shown on the lines linking C. 
paludica to the other taxa. Circles are proportional to the number of individuals sharing the haplotype. *Haplotypes found in the type locality.
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were observed with both the nuclear and mtDNA datasets, and 
the high probability density (95% HPD) intervals were very large 
(Figs 7, 8).

The divergence time estimated between C. calderoni and other 
Ibero-Moroccan Cobitis was between 15.69 and 16.95 Mya, 
according to the Cytb and nuclear genes (RAG-1 and S7) analy-
ses, respectively (Figs 7, 8). The TMRCA for C. maroccana and 
C. mellaria was set at 5.3 Mya, indicating that the separation of 
the Ibero-Moroccan dimorphic Cobitis clade occurred 7.48–8.45 
Mya. According to the mitochondrial Cytb gene analysis, C. palu-
dica from the Guadiana basin and C. paludica from the Mira 
basin were among the first Iberian lineages to diverge within the 
clade. In contrast, in the nuclear analysis estimated the diver-
gence of C. paludica from the Mira basin to be more recent, at 
0.11 Mya. As the relationships among Cobitis species were not 
well resolved at the nuclear level, this result should be inter-
preted with caution. Cobitis haasi diverged approximately 
2.42–3.73 Mya, whereas C. almadae, C. atlantica, C. paludica, 
and C. vettonica diverged more recently, approximately 0.54–0.6 
Mya (Figs 7, 8).

D I S C U S S I O N
The systematics of Iberian and Moroccan Cobitis has traditionally 
relied on the phylogenetic relationships derived from mitochon-
drial data (Perdices and Doadrio 2001, Doadrio and Perdices 
2005, Doadrio et al. 2024, Ouassal et al. 2024). This study signifi-
cantly advances the understanding of this group by integrating 
both mitochondrial and nuclear genes, together with an extensive 
geographical sampling. Although the nuclear genes provided lim-
ited phylogenetic information, they were useful in uncovering 
phylogeographic patterns and revealing genetic admixture among 
Cobitis species. This combined approach not only enhances the 
accuracy of species delineation, but also highlights previously 
unrecognized evolutionary dynamics, offering a more robust 
framework for understanding the diversification and biogeogra-
phy of Iberian and Moroccan Cobitis.

Biogeography of Iberian and Moroccan Cobitis
The formation of the current Iberian hydrographic basins, pro-
moted by massive landscape reconfigurations from the Eocene to 

Figure 4. COI haplotype network. Transversal dashes on the linkage lines indicate the number of mutational steps between haplotypes. The 
number is indicated in the cases with more than six steps. The number of mutational steps is shown on the lines linking taxa. Circles are 
proportional to the number of individuals sharing the haplotype.
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the Quaternary (De Vicente et al. 2011, Pais et al. 2012), probably 
has had significant evolutionary implications for Cobitis, as has 
also been inferred for other Iberian FWF (Perea et al. 2010, 
Sousa-Santos et al. 2019). During the Cenozoic (66 Mya–present), 
the Iberian Peninsula underwent a northern compression caused 
by the collision of the African and Eurasian plates, which resulted 
in the uplift of major mountain ranges, and led to the formation 
of basins, including the lower Tagus, Guadiana, and Mondego 
(Pais et al. 2012). The uplift of the Pyrenean Mountains, promoted 
by this northward movement against the Eurasian plate, isolated 
the Iberian Peninsula from the rest of Europe during the Middle 
Miocene. Cobitis is currently distributed throughout the Palaearc-
tic, including the Mediterranean peninsulas and North Africa, and, 
therefore, it is likely that the genus was broadly distributed 
throughout the Iberian Peninsula before its isolation from north-
ern and central Europe (via the Pyrenean uplift) and North Africa 
(via the opening of the Strait of Gibraltar). Our mitochondrial 
phylogenetic results suggest that Iberian and Moroccan Cobitis 
descended from a single ancestral lineage that inhabited areas 

north of the Pyrenees, migrated to the Iberian Peninsula through 
a French river connection, and then diversified. A similar scenario 
has been proposed for the Iberian leuciscid genus Squalius 
(Sousa-Santos et al. 2007, 2019, Perea et al. 2010). In south-eastern 
Iberia and North Africa, Cobitis probably used the Betic–Rifian 
Massif (including the Kabilian Mountains) connection, which was 
open during the Late Miocene, to expand into North Africa. 
Movement through this route is thought to account for the current 
phylogenetic pattern of other genera, including Luciobarbus 
(Machordom and Doadrio 2001) and Podarcis lizards (Kaliont-
zopoulou et al. 2011). The connection closed after the opening of 
the Strait of Gibraltar around 5.3 Mya (Krijgsman et al. 1999), 
and no further river connections are known to have occurred 
thereafter. Although another connection of both sides of the Strait 
of Gibraltar has been proposed to explain the distribution of sev-
eral less water-dependent organisms (Harris et al. 2002, Carranza 
et al. 2004, 2006), this hypothesis has been contested, and 
human-mediated introductions are now considered the most 
likely explanation for their current distributions (Paulo et al. 2002, 

Figure 5. RAG-1 haplotype network based on phased sequences. Transversal dashes on the linkage lines indicate the number of mutational 
steps between haplotypes. The number is indicated in the cases with more than six steps. The  number of mutational steps is shown on the lines 
linking C. almadae and C. paludica from the Guadiana basin. Circles are proportional to the number of individuals sharing the haplotype. In 
dark blue, the individuals without data for the Cytb.
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Recuero et al. 2007). Given this context, the isolation of the Ibe-
rian Peninsula probably allowed Iberian Cobitis to evolve inde-
pendently, and in allopatry, from both European and North 
African counterparts.

The oldest Cobitis fossil record in Europe dates back to 24 Mya 
(Böhme and Ig 2003). Our study indicates that C. calderoni is the 
oldest Iberian species, having diverged approximately 15.69–16.95 
Mya. Currently, this species is restricted to the northern basins of 
the Duero and Ebro, and to a few localities in the Tagus basin in 
Spain. This is in line with geological evidence indicating that the 
Duero and Ebro were a single basin during the formation of the 
endorheic Pyrenean foreland basin in the Eocene to Early Mio-
cene (De Vicente et al. 2011, Pais et al. 2012), and points to a 
Tagus–Duero stream capture.

The divergence of the Ibero-Moroccan dimorphic Cobitis clade 
was probably the start of a new phase of diversification of Cobitis 
more than 7–9 Mya later, in the Lower Miocene (7.48–8.45 Mya). 
During this period, the Iberian Plateau was covered by endorheic 

lakes, some of which may have been connected, thus facilitating 
the dispersal of the Cobitis ancestor. These lakes then changed 
from endorheic to exorheic, opening and draining to the Atlantic 
Ocean and Mediterranean Sea (De Vicente et al. 2011). Our 
divergence-time estimates point to some cladogenetic events at 
the Miocene–Pliocene transition (4.29–5.89 Mya) that may have 
led to the isolation of the two geographically restricted lineages, 
C. paludica from the Guadiana basin and C. paludica from the Mira 
basin, respectively. These lineages subsequently differentiated and 
became peripheral local endemics characterized by a complete 
mitochondrial differentiation and a partial nuclear distinctiveness. 
However, the divergence-time estimate based on the nuclear genes 
(S7 + RAG-1) suggests that C. paludica from the Mira basin 
remained in contact with other Iberian Cobitis until recently, and 
only diverged approximately 0.11 Mya. At present, the nuclear 
differentiation of this lineage from the other Iberian Cobitis is still 
low, indicating incomplete lineage sorting of their nuclear 
genomes. Currently, the Mira basin also harbours C. atlantica, 

Figure 6. S7 haplotype network based on phased sequences. Transversal dashes on the linkage lines indicate the number of mutational steps 
between haplotypes. The number is indicated in the cases with more than six steps. The  number of mutational steps is shown on the lines 
linking C. almadae and C. paludica from the Guadiana basin. Circles are proportional to the number of individuals sharing the haplotype. In 
dark blue, the individuals without data for the Cytb.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/206/2/zlag001/8482864 by Instituto Politécnico de Bragança user on 09 M

arch 2026



Phylogeography of Iberian and North African Cobitis  •  11

which diverged more recently (0.11–0.41 Mya) and has a wide-
spread distribution along the Atlantic coast, implying that two 
species evolved in sympatry when the basin was already config-
ured, a situation not observed for local endemic leuciscids, such 
as the genera Iberochondrostoma or Squalius, which are just repre-
sented by a single species (Robalo et al. 2008, Magalhães et al. 
2023). Although no river captures have been identified for the 
Mira basin, it is possible that river mouth connections during low 
sea-level periods might have enabled dispersal across isolated 
coastal palaeobasins.

Along the North Atlantic margin, several tectonic strike-slip 
faults, almost parallel to the coast, were activated in western Iberia 
during the Miocene–Pliocene transition (Messinian, 5.3 Mya), 
and some, such as the Vilariça in the Duero and the Ponsul in the 

Tagus, and their tectonic adjustments, may have played an import-
ant role in the isolation and mixture of Cobitis species (De Vicente 
et al. 2011). Although the temporal framework of main Iberian 
Cenozoic basins is not well delineated and is still under study  
(De Vicente et al. 2011), we found a temporal gap between these 
events and the divergence times of Cobitis species, suggesting that 
they should be associated with more recent geological events in 
the region (Rockwell et al. 2009). According to our estimates, C. 
almadae and C. vettonica were in contact as recently as the Qua-
ternary (0.54–0.6 Mya), possibly mixing with C. paludica, and 
thus showing incomplete nuclear differentiation. The 
Pliocene–Pleistocene transition was another period of change 
from an endorheic to an exorheic regime, facilitating westward 
dispersal through basins opening along the Atlantic margin. 

Figure 7. Species tree based on Cytb divergence. Divergence times are shown in the boxes, and posterior probability values, above branches.

Figure 8. Species tree based on RAG-1 + S7 divergence. Divergence times are shown in the boxes, and posterior probability values, above 
branches.
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During this period, the lower Tagus basin may have acted as a 
littoral corridor for the north to south dispersal of C. paludica, C. 
atlantica, and C. almadae, which was also probably related to the 
strike-slip faults found in the area (Fig.1).

Along the Mediterranean margin, the divergence of C. haasi 
from C. paludica, as well as from other species of the 
Ibero-Moroccan dimorphic clade, was estimated to have occurred 
around 2.42–3.73 Mya as the divergence of other Levantine 
endemics, such as the leuciscid Squalius valentinus. The transfor-
mation of the Miocene endorheic lakes and lagoons into exorheic 
basins has been proposed to account for the leuciscid divergence 
(Perea et al. 2016). Our time results, along with the predominantly 
coastal distribution of C. haasi, suggest geographical differentia-
tion of this peripheral species, followed by limited gene flow with 
other Cobitis species.

Species’ diversity and distribution patterns
Our phylogeographic and phylogenetic results provide a basis for 
reviewing the diversity and current distribution of Cobitis across 
the Iberian Peninsula and North Africa. Our findings reveal that 
the Iberian and North African Cobitis exhibit high diversification, 
with clear mitochondrial differentiation greater than previously 
described. In addition to the eight previously recognized species, 
our analyses identified three new lineages, two Iberian and one 
Moroccan, suggesting the existence of three as-yet-undescribed 
species. The Iberian Cobitis species are distributed across most of 
the Iberian basins, except for the northern Cantabrian rivers (N 
Spain), with translocated populations of C. paludica occurring in 
the lower Nalón basin (N Spain) (Rodríguez Muñoz 1993, Elvira 
and Almodóvar 2001), as well as in some Catalonian basins (NE 
Spain) (Clavero et al. 2023). Our study provides updated infor-
mation on the species’ distributions (see Supporting Information, 
Fig. S4), including the following occurrences: (i) C. calderoni in 
north-eastern Iberia (Duero and Ebro basins with isolated local-
ities in the upper Tagus); (ii) C. almadae in the Atlantic Duero, 
Mondego, Lis, Sizandro, Samarra, and Tagus basins; (iii) C. atlan-
tica in the Atlantic basins of the Minho, Cávado, Ave, Duero, Jun-
queira, Vouga, Mondego, Lis, Alcoa, Lizandro, Colares, Tagus, 
Sado, Melides, Mira, Alvor, Arade, Lagos, and Guadiana; (iv) C. 
haasi in the Mediterranean rivers of the Ebro, Albufera Valencia, 
and Júcar basins; (v) C. mellaria in the Salado, Barbate, Valle, Jara, 
and De la Vega basins in southern Spain; (vi) C. paludica in most 
of the Iberian basins on the Atlantic and Mediterranean slopes; 
(vii) C. vettonica in the Tagus (Árrago, Aravil, Erges and Ponsul 
sub-basins) and Duero (Águeda and Tormes sub-basins); and 
(viii) C. maroccana in the Sebou basin in northern Morocco. The 
three new Cobitis lineages were found to have restricted distribu-
tions, with C. paludica from the Mira basin occurring in the Mira 
basin in the Atlantic slope of Portugal, C. paludica from the Gua-
diana in the middle and lower Guadiana basin (Estena, Ruecas, 
Ardila, and Vascão sub-basins) and the Guadiana River, and C. 
maroccana in the Loukkos basin in Morocco.

Notably, our study provides evidence of sympatry among most 
Cobitis species, contrasting with the previously suggested allopat-
ric distributions (Doadrio et al. 2024). Most major Iberian basins 
appear to harbour several Cobitis lineages, with the exception of 
the small Atlantic rivers and the left tributaries of the lower Tagus 
in Portugal. For example, C. atlantica is the only species of the 

genus found in the Minho, Alcoa, Junqueira, Vouga, Alvor, Lagos, 
and Melides basins; and C. almadae is the only species in the 
Samarra basin, and the most widespread species in the Sorraia 
sub-basin of the lower Tagus.

Our phylogeographic analyses based on Cytb showed that C. 
paludica is the central, most widespread and genetically variable 
species of the Iberian-Moroccan dimorphic group. This species 
occupies the central-southern Atlantic and Mediterranean basins, 
showing connections to peripheral and geographically restricted 
species that inhabit the lower reaches of major basins and of small 
to medium-sized Atlantic basins. Individuals from the Duero in 
Portugal exhibited the ancestral and most common Cytb haplo-
type (H10), which is present in most Iberian basins and is related, 
by a few mutational steps, to other haplotypes exclusive to the 
Duero populations. The connectivity between the Duero Cytb 
haplotypes of C. paludica in Portugal supports its natural occur-
rence in the region, as previously indicated in the Red List of Por-
tugal (Magalhães et al. 2023). On the other side of the Iberian 
Peninsula, the Ebro River is the natural north-eastern limit of C. 
paludica, with recent records of the species in the coastal rivers of 
northern Catalonia being due to human-mediated translocation 
(Clavero et al. 2023).

At the nuclear level, however, most of the species were recov-
ered as non-monophyletic, with the exceptions of C. paludica from 
the Guadiana basin, C. mellaria, and C. maroccana. These results 
indicate that most species of the Ibero-Moroccan dimorphic clade 
share nuclear, but not mitochondrial, information. This 
mito-nuclear discordance can result from incomplete lineage sort-
ing or molecular introgression as a consequence of secondary 
contact following river re-arrangements in the Quaternary, as 
previously suggested for C. vettonica and C. paludica (Corral-Lou 
et al. 2022). Nuclear haplotypes of C. paludica are present in C. 
vettonica, as well as in C. almadae and C. atlantica, suggesting that 
sympatric distributions favoured contact and genetic exchange. 
Introgression is often found in sister-species that have experienced 
secondary contact during their evolutionary histories, especially 
when speciation is incipient (Harrison and Larson 2014). The 
RAG-1 and S7 allele network, with allele sharing across species, 
suggests incomplete lineage sorting between most of the 
Ibero-Moroccan dimorphic species (namely, C. paludica, C. vet-
tonica, C. atlantica, C. almadae, C. paludica from the Mira basin 
and C. paludica from the Guadiana basin). Other species, such as 
C. mellaria and C. maroccana from the Sebou basin, shared some 
exclusive RAG-1 alleles between them.

The evolutionary patterns found in the mitochondrial and 
nuclear phylogenies of Iberian and Moroccan Cobitis differs in 
some important points from the morphological and mitochon-
drial identification recently published by Doadrio et al. (2024). 
Specifically, our results do not support the restriction of C. alma-
dae and C. mellaria to two small Atlantic basins, or the allopatry 
between C. almadae and other Cobitis species. Our results indicate 
that these species have a wider distribution than previously 
thought, with C. almadae being sympatric with C. paludica and C. 
atlantica in the Sizandro and Maior river basins and in the Zêzere 
River in the Tagus basin. Additionally, our mtDNA data do not 
support the comparable evolutionary significance of C. haasi with 
respect to other Iberian Cobitis. We identified both C. haasi and 
C. paludica in the type locality of C. haasi in Valencia (Fig. 1). 
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However, based on the present data, it remains unclear whether 
the presence of C. paludica is the result from an introduction or a 
recent colonization. Moreover, our findings suggest that C. haasi 
would be the sister-species of C. paludica, instead of C. vettonica, 
as previously suggested by Corral-Lou et al. (2022).

Our results have allowed us to infer the biogeographical pro-
cesses that occurred on both sides of the Strait of Gibraltar and 
provide new insights on past and present scenarios of river con-
nectivity and palaeobasin evolution in the region. Finally, the 
advances gained from our analyses of the genetic patterns and 
species’ delimitation of the Iberian and Moroccan Cobitis species 
are important for biodiversity assessments and conservation 
efforts in the regions where the species occur.

CO N CLU S I O N
In summary, our results confirm that C. calderoni, a species lacking 
secondary sexual dimorphism, is a clearly differentiated species 
that is phylogenetically related, but not included, in the 
Ibero-Moroccan dimorphic clade, in line with the results of a pre-
vious study (Perdices et al. 2018). The remaining Iberian and 
North African species are phylogenetically closely related and 
difficult to distinguish morphologically, and together form the 
Ibero-Moroccan dimorphic clade. Among these, six species are of 
equivalent evolutionary status, showing reciprocal monophyly: 
C. almadae, C. atlantica, C. maroccana from the Sebou basin, C. 
mellaria, C. paludica, and C. vettonica. Our study confirms the para-
phyly of C. paludica and identifies two new lineages: C. paludica 
in the Guadiana basin and C. paludica in the Mira basin. The phy-
logenies, high genetic divergence, and nuclear haplotype networks 
support the hypothesis that these divergent lineages represent new 
species. Additionally, the phylogenetic subdivision and high 
genetic distances found among populations of C. maroccana also 
indicate the presence of an undescribed species, C. maroccana in 
Morocco in the Loukkos basin, in accordance with the Cytb 
genetic diversity reported in previous works (Keltoum 2022, 
Ouassal et al. 2024). Further investigation, including a morpho-
logical analysis of the new C. paludica and C. maroccana lineages, 
is needed to confirm whether they should be elevated to species 
and formally described, which would increase our knowledge of 
Cobitis diversity.

Overall, our findings, based on a geographically extensive sam-
pling across the Iberian Peninsula and Morocco, shed light on 
longstanding taxonomic uncertainties within Cobitis and provide 
a robust framework for understanding species’ diversity and dis-
tribution. These insights are critical for supporting effective con-
servation strategies and prioritizing management efforts, and 
highlight the need for a comprehensive re-evaluation of the con-
servation status of all Cobitis species from the Iberian Peninsula 
and Morocco.
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