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OBJECTIVES

The Iberian Peninsula contains a large number of endemic species with complex evolutionary 

histories. There are still many histories and patterns to be revealed within this region. The study 

of the evolution of these species could help in the conservation and preservation of intraspecific 

diversity.

The main aim of this thesis is to shed light on the evolutionary history of two Iberian endemic semi-

aquatic mammals: the Pyrenean desman (Galemys pyrenaicus) and the Mediterranean water shrew 

(Neomys anomalus). 

There are three specific objectives in this thesis:

1. Study the population structure of the Pyrenean desman using a genomic approach, 

modifying and optimizing different protocols for their use with samples from endangered species. 

More especifically, the aim was to evaluate and filter the genomic libraries obtained, determine the 

sex of the individuals, estimate the individual heterozygous rate and infer the genomic structure 

using SNP data.

2. Delimit the contact zone between the main mitochondrial clades of the Pyrenean desman 

in the Cantabrian Mountains and study the dispersal patterns of one of these clades using an 

extensive and fine-scale sampling. It was also intended to study the structure of genetic diversity 

within this clade and reveal if river basins affected the genetic structure.

3. Study the evolutionary history of the Mediterranean water shrew. Specifically, the objective 

was to infer the genetic structure and explore if it was correlated with geography. Also, the structure 

of genetic diversity and the species distribution modelling would help to infer the main glacial refugia 

during the Last Glacial Maximum.
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Figure 1. Aldo Leopold 
cataloguing birds. Photo Credit: 
The Aldo Leopold Foundation. 
https://www.aldoleopold.org

“A thing is right when it tends to preserve the integrity, stability and beauty of the biotic community. 

It is wrong when it tends otherwise” Aldo Leopold. A Sand County Almanac: And Sketches Here 

and There. 1949

Conservation Biology as a discipline appeared in the 80’s as an answer of many scientist to the 

great loss of biodiversity (Simberloff, 1988). However, by that time many scientists and naturalists 

had already dedicated entire lives to preserve species and ecosystems. 

 

This is the case of Aldo Leopold (1887-1948), an American environmentalist, scientist and writer, 

who is considered one of the greatest conservation thinkers of all time. He developed the idea of 

humans needed to achieve a responsible relationship with the land they inhabit, what he later named 

the “land ethics”. In his book “A Sand County Almanac: And Sketches Here and There”, he 

embraces the idea that people should treat the environment with appreciation and understanding, 

not only for its own sake, also for ethical reasons and for the good of future generations. Leopold 

changed many ways of thinking and inspired many environmentalists movements in the 20th century 

(Cohen, 1988).

INTRODUCTION
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Although more than half a century has gone by since Leopold died, a lot of research in conservation 

biology is still waiting to be done. In the last decades, evolutionary biology in general and genetics 

in particular have added new theoretical and methodological tools to conservation and preservation 

of species and ecosystems. Knowing the species helps to protect them, and particularly knowing 

the evolutionary history of a species is crucial to develop sound conservation plans (Crandall et al., 

2000; Carvalho et al., 2011). For instance, the genetic structure of a species helps in the delimitation 

of conservation units, and studies of gene flow and genetic diversity allow the possibility to prioritize 

resources on the populations more susceptible to enter extinction vortices (Frankham et al., 2002).

With this conservation goal in mind, the aim of this thesis is to understand the evolutionary history 

of two Iberian endemisms: the Pyrenean desman (Galemys pyrenaicus) and the Mediterranean 

water shrew (Neomys anomalus), using several approaches such as genomics, phylogeography 

and species distribution modelling. 

1. INTRASPECIFIC EVOLUTIONARY HISTORIES

The study of population genetics and the structure of genetic diversity within species are of great 

interest in ecology and evolutionary biology. First, these studies deal mainly with fine-scale patterns, 

which in broader-scale or macroecological studies could hardly be detected. Also, the findings 

and results concerning intraspecific genetics are essential for conservation planning. For these 

purposes, the science of phylogeography, first conceived in 1987 by John C. Avise, is essential 

(Avise, 2000). More recently, next-generation sequencing (NGS) has resulted in a great leap in 

evolutionary biology, making possible the acquisition of large amounts of genome-wide molecular 

markers in short periods of time in an inexpensive way (Mardis, 2008, 2013; Davey et al., 2011; 

Glenn, 2011). 

1.1. PHYLOGEOGRAPHY IN THE STUDY OF INTRASPECIFIC EVOLUTIONARY HISTORIES

Phylogeography is a multidisciplinary field in which ecology, genetics, phylogenetics, geography, 

natural history and statistics converge. The main aim of phylogeography is to study the spatial 

structure of genetic lineages in space and time, mainly among closely related species and within 

the same species (Avise et al., 1987; Avise, 2000).

Initially, phylogeographic studies used only mitochondrial (mt) DNA to study the relationships of 

individuals within the same species through a common ancestor and to understand how genetic 

structure was correlated with geographic structure. Mitochondrial DNA was, and still is, used in 

phylogeographic studies because it is easy to isolate and amplify in the laboratory, being a great 

advantage especially when dealing with a large amount of specimens or with low quality samples, 
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such as non-invasive samples. Also, mtDNA has fast evolutionary rates in animals (Brown et al., 

1979), which is essential to detect genetic variability in populations and closely related species. 

Moreover, mtDNA is of maternal inheritance and lacks recombination (Hutchison et al., 1974).

A large amount of mitochondrial phylogeographic studies have been extremely helpful to identify 

evolutionary distinct populations among and within species, reveal spatial patterns of species 

richness, identify evolutionary isolated areas and infer dispersal patterns which took place after 

glaciations (Bermingham & Moritz, 1998). Although mtDNA is still broadly used in phylogeographic 

studies, nuclear genes, of both maternal and paternal inheritance, are necessary to study gene flow 

and detect sex biased genetic structure (Hare, 2001).

1.2. THE ERA OF GENOMICS

The appearance of Next Generation Sequencing (NGS) methods to perform genome-wide studies 

has revolutionized the field of phylogenetics and phylogeography (McCormack et al., 2013). This new 

methodology produces massive amounts of genetic data, which constitutes a great computational 

challenge (Emerson et al., 2010; Turmelle et al., 2011; McCormack et al., 2012). New computational 

methods and bioinformatic pipelines must be developed. Thus, instead of being in the era of 

Genomics, it can be said that scientist are living in what could be called “the era of post-genomics” 

(Agrafiotis et al., 2002), where bioinformaticians work against the clock to be able to analyse all the 

sequences generated.

1.2.1. NEXT GENERATION SEQUENCING LIBRARY PREPARATION METHODS AND 

PLATFORMS

Next Generation Sequencing (NGS) is also called high-throughput sequencing and it is used to 

describe several modern sequencing technologies which allow a large amount of samples to be 

sequenced at once. However, this requires library preparation before sequencing. Among the “wet-

lab” methods of library preparation currently available are the following (McCormack et al., 2013):

· Multiplex PCR and amplicon sequencing: in this method, samples are amplified by 

traditional PCR before sequencing in a NGS platform (Mayer-Scholl et al., 2010).

· Restriction digest-based methods: this method uses restriction enzymes to digest the 

genome in fragments. After, these fragments are selected by size to obtain a reduced representation 

library, that is, a set of variable genome-wide fragments. There is a specific restriction digest-

based method of preparing NGS sequencing libraries, which is widely used in phylogeny and 

phylogeography and it is called Restriction-site Associated DNA (RAD) sequencing (Baird et al., 

2008). This technique is different from other restriction digest-based methods in the control of the 
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digested fragments, which are marked with adaptors (short sequences of nucleotides to identify 

the specimens) before sequencing. In this thesis, double-digest Restriction-site Associated DNA 

(ddRAD) (Fig.2) is used (Peterson et al., 2012), being the DNA digested into short fragments by two 

different restriction enzymes, EcoRI and Msp II (See Chapter 1).

Figure 2. Scheme from ddRADSeq laboratory protocol.

· Target enrichment: this method captures selected genomic regions before NGS sequencing 

(Mamanova et al., 2010). 

· Transcriptome sequencing (RNA-seq): in this method a population of RNA (total or 

fractioned) is transformed into cDNA fragments and linked to adaptors. Every molecule is then 

sequenced (Marioni et al., 2008).

Regarding sequencing platforms, Illumina, Roche, SOLiD and Ion Torrent are the most widely 

used nowadays. These platforms mainly differ in the length of reads sequenced and, also, in the 

sequencing method (Mardis, 2008, 2013; Davey et al., 2011; Glenn, 2011).

The reason to use one or other platform lies in the type of scientific question. For instance, long-reads 

can be used for initial genome assembly. By contrast, short-reads are widely used for population 

genetics or gene expression studies (Glenn, 2011).

1.2.2. DATA ANALYSIS

Next Generation Sequencing (NGS) data is different from traditional Sanger sequencing data mainly 

in the quantity of the data to be analysed, as NGS platforms can produce large amount of markers 

per specimen. Also, the quality of the final sequences obtained is extremely important. This quality 

is measured by a parameter, the coverage or depth, which is the number of sequences which 

contain a given nucleotide in the final reconstructed sequence (Sims et al., 2014). 

The first step to analyse NGS data is filtering and removing the sequences with low coverage (Oliver 

et al., 2010). Then, sequences have to be detected by their tag o adatptor. Lastly, the homologous 

sequences are aligned for genotyping or, what is called, SNPs calling. These SNPs could be used to 

infer phylogeographies performing analyses such as Principal Component Analysis (PCA), Structure 

and distance-based phylogenetic trees (Nielsen et al., 2011). 
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With NGS data and the subsequent analyses, evolutionary histories can be inferred more accurately 

than with traditional markers (Falush et al., 2003), as genetic divergences between populations can 

be detected with a high level of detail. There are several evolutionary histories, previously studied 

with traditional markers, which have been revisited using genomic markers to obtain more detailed 

information. For instance, the population structure of the genera of North American Lycaeides 

butterflies was studied using genomic markers, revealing its evolutionary history and its Pleistocene 

glacial refugia, demonstrating the potential of genomic studies in ecology and evolution (Carr et al., 

2008).

Still, traditional mitochondrial phylogeography is very useful for non-invasive samples and research 

concerning endangered species. This was indeed the case of the endangered South-American 

marine otter (Lontra felina), study in which this population was tracked using scats. This study 

provides information for reassessing the conservation status of this species, proving the potential 

of  non-invasive sampling for conservation management (Valqui et al., 2010)

2. INFERRING GLACIAL REFUGIA AND DISPERSAL PATTERNS 
WITHIN SPECIES

Glacial refugia and past dispersal patterns are essential to understand the evolution of population 

throughout time. Hence, there is a need of developing methodologies that could reveal the most 

plausible scenarios.

2.1. GLACIAL REFUGIA DURING THE LAST GLACIAL MAXIMUM (LGM)

During the Quaternary (2.6 Myr ago to present), several species distribution ranges were shaped 

(Provan & Bennett, 2008). They were the result of changes in climate and, consequently, multiple 

dispersal processes. Within the Quaternary, all along the Last Glacial Maximum (LGM) (Fig.3), 25,000 

to 17,000 years ago (Yokoyama et al., 2000), the worldwide ice-sheets reached their maximum 

volume and extension in the recent history, mainly due to a significant change in climate, in which 

mean temperature decreased and snow storms increased (Clark et al., 2009). Hence, several 

species distribution ranges were reduced or displaced (Provan & Bennett, 2008) and were isolated 

in glacial refugia (Petit et al., 2003), where the climatic and vegetation conditions enabled to survive 

(Brewer et al., 2002; Gordillo et al., 2005; Cheddadi et al., 2006; Médail & Diadema, 2009; Tian et 

al., 2009; Igea et al., 2013). This resulted in long-term isolated and differentiated populations. After 

this glaciation period, some of these populations became extinct or, conversely, expanded through 

postglacial colonizations. These colonizations of differentiated populations have given rise to most 

of the current Palearctic intraspecific diversity (Petit et al., 2003). Understanding why these past 
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glacial refugia were located in certain spots is key to predicting the effects of the climate change the 

Earth is currently experiencing on species and ecosystems (Provan & Bennett, 2008). 

2.1.1. THE IBERIAN PENINSULA: A SPECIES “RESERVOIR” DURING THE LAST GLACIAL 

MAXIMUM 

Many studies agree that Southern Europe harboured most of the species in glacial refugia during 

the Last Glacial Maximum (LGM), recolonizing during the late Pleistocene the north part of Europe 

(Hewitt, 1999, 2000, 2001, 2004; Feliner, 2011). Hence, the Iberian Peninsula, together with other 

southern European peninsulas, such as Italy and Greece, was one of the most important glacial 

refugia in Europe, principally because of its wide range of different climates and habitats in a relative 

small area. It is therefore a great model to study and compare phylogeographic patterns (Hewitt, 

1999, 2000; Gómez & Lunt, 2007). As a matter of fact, the Iberian Peninsula shows a large number 

of endemic and native species, which is consistent with population isolation, survival, differentiation 

and speciation during long periods of time (Gómez-Campo et al., 1984). Within the Iberian Peninsula, 

several locations consistent with multiple glacial refugia are known to have existed. This hypothetical 

scenario with more than one glacial refugia within the Iberian Peninsula is called “refugia within 

refugia” (Gómez & Lunt, 2007). This hypothesis suggests that the Iberian Peninsula was not only 

a big reservoir of species that were able to recolonize northern Europe in the warmer postglacial 

periods but also a group of multiple refugia, which resulted in a great instraspecific diversification, 

a complex postglacial scenario and, eventually, several extant endemic species. However, how the 

rest of Europe was recolonized from Iberia is still a matter of debate (Feliner, 2011).

Figure 3. Last glaciation 
in Europe.
Photo credit: Wikimedia 
Commons (user Ulamm)
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This hypothesis of “refugia within refugia” has opened a promising path of study regarding evolution 

and comparative phylogeography. Although several research have focused on phylogeography of 

Iberian endemic and native species (Consuegra et al., 2002; Martínez-Solano et al., 2006; Pinho 

et al., 2007; Gonçalves et al., 2009; Stamatis et al., 2009; Igea et al., 2013), there are still many 

unknown evolutionary histories whose study could lead to a better understanding of the Paleartic 

biogeography. One of the unknown histories is the Mediterranean water shrew (Neomys anomalus) 

phylogeography, which is a topic of this dissertation (See Chapter 3). Also, it is an objective of this 

thesis to study in depth the northwestern glacial refugia for the Pyrenean desman and the mode of 

postglacial dispersal (Chapter 2).

2.1.2. INFERRING GLACIAL REFUGIA AND POSTGLACIAL COLONIZATION ROUTES 

The inference of intraspecific genetic structure through phylogeographic studies has helped to 

discover new glacial refugia and postglacial colonization routes within Europe. There are many 

examples to illustrate the importance of these approaches. One noted study is the one regarding the 

Scots pine (Pinus sylvestris) along Europe, which revealed that the distribution of genetic diversity is 

consistent with long periods of isolation within the glacial refugia (Cheddadi et al., 2006).  

Based on the premise that potential glacial refugia locations are consistent with high levels of 

nucleotide diversity and the areas further away from them are consistent with low levels of genetic 

diversity (Provan & Bennett, 2008), it is possible to infer glacial refugia interpolating genetic 

diversity (Igea et al., 2013). Moreover, the distribution of lineages within the distribution range using 

phylogenetic inference can delimit the potential postglacial colonization routes. Although traditional 

phylogeography is essential to infer glacial refugia, it has several limitations when used on its own. 

For instance, phylogeography restricts the spatial context of the glacial refugia to geographic 

distances, loosing the perspective of the multivariate space (Graham et al., 2004). Also, traditional 

phylogeography cannot identify glacial refugia outside the boundaries of the distribution range 

(Willerslev et al., 2007). To overcome these limitations, combining traditional phylogeography with 

species distribution modelling (SDM) provides a broader picture of more plausible evolutionary 

scenarios (Guisan & Zimmermann, 2000).

SDM uses environmental variables and field observations (occurrences and/or absences) to 

predict past, current and future species distribution ranges. The environmental variables can 

provide landscape, climate or abiotic information, among others. This ecological and spatial data 

is incorporated in one or more modelling methods and the result is used to predict the distribution 

range of the species under the chosen climate scenario. When projecting the distribution models 

into past climate scenarios, areas suggested to have been optimal climates are consistent with 

potential locations of ancient glacial refugia, for instance, during the Last Glacial Maximum 

(Guisan & Zimmermann, 2000; Richards et al., 2007; Kozak et al., 2008; Pearman et al., 2008; Elith 
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& Leathwick, 2009; Gavin et al., 2014). Thus, SDM, together with phylogeographic and genetic 

diversity information, enables the inference of glacial refugia and evolutionary histories. In fact, many 

studies have worked at the interface between phylogeography and SDM to perform biogeographical 

studies, obtaining highly interesting evolutionary and ecological results (Benito Garzón et al., 2007; 

Hoarau et al., 2007; Cordellier & Pfenninger, 2009; Wielstra et al., 2013).

2.2. PAST DISPERSAL PATTERNS

Dispersal is any movement that could lead to gene flow between populations (Ronce, 2007) and it 

plays an essential role in evolution, as it is responsible for the distribution of genetic diversity across 

space (Wright, 1969). Moreover, dispersal can keep populations from local extinction, when the 

source habitat or climatic conditions are not optimal (Brown & Kodric-Brown, 1977) or, in contrast, it 

can also increase the global extinction rate, for instance, when exotic or invasive species present high 

levels of dispersal, colonizing areas and displace native species. Several evolutionary processes, 

such as speciation (Barton, 2001), inbreeding depression (Roze & Rousset, 2003) or a large number 

of historical traits (Pen & Weissing, 2000) are affected by the past dispersal of species or populations. 

Understanding dispersal patterns is key, not only in evolution, but also in conservation management 

of natural populations (Macdonald & Johnson, 2001), as inferring dispersal routes of endangered 

species could determine corridors or habitats to preserve and restore.

Semi-aquatic animals can swim as a means of dispersing, feeding, escaping or foraging. Although 

they present several adaptations to aquatic environments, they still maintain the ability to disperse 

across or acquire food on land. This switch from one dispersal mode to another makes the study 

of the relative importance of each dispersal mode in these species extremely interesting from an 

ecological perspective. In fact, in semi-aquatic animals, depending on the way the animal disperse, 

river networks can act as a barrier to dispersal and, consequently to gene flow (Chaput-Bardy et 

al., 2008; Byrne et al., 2015; Paz-Vinas et al., 2015) or, in contrast, they can connect populations 

(Raeymaekers et al., 2008; Bartáková et al., 2015; Byrne et al., 2015).

Although dispersal is key in shaping evolutionary patterns, there are few studies regarding dispersal 

patterns in semi-aquatic animals (Furlan et al., 2013; Senn et al., 2014; Pagacz, 2016). This is 

because it is a problematic pattern to estimate from direct observations, as these animals are 

difficult to detect in the field and, also, the observations can be biased. Another methodology is the 

use of measures of stable isotopes and mark-recapture techniques to identify dispersal patterns and 

barriers to dispersal (Macneale et al., 2005). For instance, in the case study of the stonefly (Leuctra 

ferruginea), the dispersal patterns were determined using this method, suggesting that forests did 

not represent a real barrier to dispersal. This method is useful but mainly for invertebrates. Another 

direct method useful for semi-aquatic vertebrates is radio-tracking, which is an accurate method 

that enables the detection of dispersal routes. It was used to study dispersal of the Pyrenean 
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desman, among others (Stone & Gorman, 1985; Melero et al., 2012, 2014). All these methods are 

extremely useful to identify current dispersal patterns in species. However, to infer past dispersal 

patterns and the evolution of dispersal throughout time, indirect methods should be used.

One of the indirect methods is based on the genetic structure. This is to say that geography can 

shape dispersal patterns of species and these dispersal patterns can be reflected in the genetic 

structure of populations (Manel et al., 2003). Based on this premise, one widely used approach 

derives from the well-known isolation-by-distance model, which is based on the assumption that 

genetic isolation increases with geographical distance and predicts genetic similarity at shorter 

distances as well as differentiation at greater distances due to limited dispersal (Wright, 1943). 

Using this approach, dispersal modes can be inferred through genetic data and it is possible to 

make inferences to the past, which are essential to understand the evolution of species throughout 

time.

3. THE PYRENEAN DESMAN (Galemys pyrenaicus) AND THE 
MEDITERRANEAN WATER SHREW (Neomys anomalus): 
TWO EXAMPLES OF SEMI-AQUATIC IBERIAN ENDEMISMS

This thesis uses two models of study: the Pyrenean desman (Galemys pyrenaicus) and the 

Mediterranean water shrew (Neomys anomalus). Both species are semi-aquatic and endemic to the 

Iberian Peninsula. Hence, they are both excellent models to study their evolutionary history due to 

their singularity and, also, to the particular characteristics of the Iberian Peninsula.

3.1. THE PYRENEAN DESMAN (Galemys pyrenaicus)

The Pyrenean desman (Galemys pyrenaicus) is a unique mammal, not only from an ecological 

perspective, but also from an evolutionary and conservation point of view. This uniqueness makes it a 

one-of-a-kind model to explore the insights of intraspecific evolution and ecological patterns, which 

can be potentially applied to future conservation actions, such as translocations or reintroductions.

As it is one of the two Iberian mammals used as a model in this thesis, a review of the main features 

of the Pyrenean desman known so far is presented in the following section.

3.1.1. HISTORY OF THE RESEARCH ABOUT THE PYRENEAN DESMAN

The Pyrenean desman (Galemys pyrenaicus) (Fig. 4) is the only extant species of the genus Galemys 

and it is one out of the two members of the subfamily Desmaninae (Family Talpidae). The other 

species of this subfamily Desmaninae (Family Talpidae) is the Russian desman (Desmana moschata) 
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(Palmeirim & Hoffmann, 1983; Nores et al., 2007).

According to the revision of fossil and recent Desmaninae published by Cornelia Geradina 

Rümke (Rümke, 1985), the first author known to have described a desman was Clusius in 1605, 

Figure 4. The Pyrenean desman (Galemys pyrenaicus). Photo Credit: Jorge González-Esteban

naming a Russian species as a water-mole, whose scientific name was Mus aquaticus exotica. 

But it was not until 1663 when Daubentian used the name desman for the first time. Ten years 

later, in 1673, Charleston classifies this water-mole within Insectivora, giving it the scientific name 

of Sorex moscovite. However, in 1758 Linnaeus still considered it as a rodent. Finally, in 1777, 

Gueldenstaed named it as Desmana, including a detailed description of the animal. In 1811, 

Geoffroy described another similar but smaller water-mole and named it Mygale pyrenaica but, in 

1829, Kaup distinguished this species as a different genus: Desmana. Finally, in 1912, Miller named 

the species as we know them nowadays: the Pyrenean species was Galemys pyrenaicus and the 

Russian species was Desmana moschata (Schreuder, 1940; Rümke, 1985). 

3.1.2. GENERAL CHARACTERISTICS OF THE PYRENEAN DESMAN

The Pyrenean desman is a small semi-aquatic mammal, strongly adapted to riverine ecosystems. 

For instance, one of the most noticeable adaptations is its long and flexible snout (Fig.5) used to 

explore the river surroundings while looking for food. Another important adaptation is its posterior 

legs, which are much longer than the anterior legs and adapted to swimming (Palmeirim & Hoffmann, 

1983; Nores et al., 2007)
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It is distributed from the French watershed of the Pyrenees to the northern half of Portugal, showing 

a patchy and discontinuous distribution (Fig.6). It inhabits mountain rivers of unpolluted waters 

within this distribution (Fig.7). Moreover, the Pyrenean desman is endemic to the Iberian Peninsula 

and, furthermore, it is considered as Vulnerable (V) by the IUCN (IUCN, 2001) and it is legally 

protected in the four countries where it inhabits: France, Spain, Portugal and Andorra. This status 

is mainly because it is a very specialized mammal, with strong ecological requirements, that makes 

it highly vulnerable to changes in the environment. Therefore, several threats have been described. 

For instance, the fragmentation of the desman populations is remarkable, as it inhabits mainly in the 

mountain river headwaters, which are highly disconnected between them. This makes the different 

populations highly isolated, reducing their dispersal capabilities (Reed & Frankham, 2003). Also, 

there are several anthropogenic threats, such as the dams and hydro-electric power plants within 

the rivers and, also, the water contamination or the river dams (Nores et al., 2007).

The Pyrenean desman is predated mainly by the Eurasian otter (Lutra lutra), although some other 

Figure 5. Detail of the flexible and long snout of the Pyrenean desman. Photo credit: Biosfera Consultoría Ambiental

Figure 6. Distribution range 
of the Pyrenean desman. 
(Nores et al., 2007)
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species such as the grey heron (Ardea cinerea) or the American mink (Neovison vison) can also feed 

on desmans (Nores et al., 2007). With respect to its diet, several studies have been conducted. First, 

Castién and Gosálbez performed a detailed exploration of digestive tracks of Pyrenean desmans, 

identifying diet species by direct analysis via binocular microscope. They concluded that the 

Pyrenean desman feeds mainly on larvae from Trichoptera, Diptera, Ephemeroptera and Plecoptera 

(Castién & Gosálbez, 1992). Later, a non-invasive approach was used to determine the diet of 

the desman. Desman faecal samples were analysed using NGS technologies (Gillet et al., 2015). 

Although they obtained similar results as in the previous study, the optimization of this approach is 

relevant as non-invasive techniques are preferable in endangered species.

Regarding reproduction, Pyrenean desmans have a heat period that goes from January to March 

and deliveries that take place from March to July. Their litters are composed of one to five individuals 

(Palmeirim & Hoffmann, 1983; Nores et al., 2007) In relation to life expectancy, desmans can live 

over five years. Although many ecological studies require age determination of the individuals, it 

is very difficult to verify their age accurately using external biometric parameters (length and body 

mass), due to the similarity in these measures between juveniles and adults (González-Esteban et 

al., 2002). Nevertheless, it has been proven that the age is correlated with the teeth ware, this being 

a useful method to determine the age of the individuals (Richard, 1976; González-Esteban et al., 

2002).

G. pyrenaicus is polymorphic and divided into two subspecies, pyrenaicus and rufulus, although 

this still matter of debate (Juckwer, 1990; González-Esteban et al., 1999; López-Fuster et al., 2006). 

Fur coloration shows a clear geographical variability. For instance, the individuals from the Basque 

country and the Iberian Range show a blackish coloration, different from the individuals from the 

Figure 7. Typical habitat of the Pyrenean 
desman. Photo Credit: Pablo González
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Western Region (Asturias, Galicia and Portugal), whose coloration is light brownish or reddish 

(González-Esteban et al., 1999).

Hair types from the fur are a distinguishable feature in the Pyrenean desman. Three different types 

of hairs can be distinguished: i) the woody hairs, showing no special features, ii) the guard hairs, 

showing a sword shape and iii) the “Grannen”, which are the most characteristic hair type in the 

Pyrenean desman, showing a lancet shape (Fig.8). In fact, the “Grannen” is the hair type that is 

used to distinguish the desman samples from other mammals (Poduschka & Richard, 1985). For 

instance, in faeces from predators of the desman, such as the Eurasian otter (Lutra lutra) or the 

America mink (Neovison vison ), identifying this hair type with the optical microscope is an effective 

technique to identify desmans as prey.

Figure 8. The “Grannen” hair 
type of a Pyrenean desman. 
Photo credit: Marina Querejeta 
Coma

3.1.3. SOCIAL ORGANIZATION AND ACTIVITY PATTERNS OF THE PYRENEAN DESMAN 

The social organization and activity patterns of insectivorous mammals are difficult to study because 

these species are small and crepuscular. However, there are some studies regarding these patterns 

in the Pyrenean desman (Stone & Gorman, 1985; Stone, 1986, 1987a, 1987b; Melero et al., 2012, 

2014).

Concerning movements and resting sites, it was suggested that they use permanent resting 

sites during their entire lives (Stone, 1987b) but more recent studies have arrived at the opposite 

hypothesis, in which the resting sites keep changing during their entire life (Melero et al., 2012). 

Regarding behaviour, some studies have proven their aggressiveness and solitary behaviour 

(Stone, 1987a) but, in contrast, others do not agree and claim that they are not aggressive and do 

sometimes coexist sometimes in their lives (Melero et al., 2012). Both studies agree in the location 

of their resting sites, being submerged or semi-submerged (Stone, 1987b; Melero et al., 2012).

The Pyrenean desman is endangered and endemic, being extremely valuable from a conservation 
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point of view. Moreover, some of its population is known to be decreasing over recent years and 

in high risk of extinction, specially the southern populations located in the Central System (Nores 

et al., 2007). Hence, more research must be carried out with live-camera traps or indirect genetic 

methods to describe or detect movement or dispersal patterns. This way, corridors and optimal 

areas could be detected.

 

3.1.4. SYSTEMATICS AND INTRASPECIFIC MITOCHONDRIAL PHYLOGEOGRAPHY OF THE 

PYRENEAN DESMAN

As stated before, the Pyrenean desman is one of the two extant species of the subfamily Desmaninae, 

together with the Russian desman (Desmana moschata). From a systematic perspective, the 

subfamily Desmaninae belongs to the family Talpidae which, in turn, is included in the order 

Eulipotyphla (insectivorous mammals). Aside from Desmana and Galemys, during the Miocene, 

Pliocene and Pleistocene, there was another genus belonging to the subfamily Demaninae, which 

was Archaeodesmana. Moreover, the oldest fossil record from Desmaninae subfamily is 8.2 Myr old 

(Fortelius, 2015). 

Based on previous phylogenetic studies, the monophyly of the subfamily Desmaninae within the 

Figure 9. Phylogenetic relationships within the family Talpidae. (Bernet García-Santesmases, 2016)
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Figure 10. Phylogeography of the Pyrenean desman (Galemys pyrenaicus). A shows a map of the distribution range of 
the Pyrenean desman, correlated with the clades and subclades showed in B (haplotype genealogy based in a maximum-
likelihood tree) and in C (Bayesian inference tree). (Igea et al., 2013). Reprinted with the permission of the authors

Figure 11. Scheme of the glacial refugia for the Pyrenean 
desman in the Last Glacial Maximum (LGM). (Igea et al., 
2013). Reprinted with the permission of the authors

order Eulipotyphla was highly supported. Moreover, the Russian desman was also confirmed as a 

sister group of the Pyrenean desman with high phylogenetic support (Fig. 9) (Cabria et al., 2006). 

Another study placed the divergence of these two species at 13.9 Myr ago (Igea et al., 2013).

Concerning mitochondrial phylogeography, a previous study divided the Pyrenean desman in two 

main clades, A and B, which, in turn, were also divided into two subclades each (A1 and A2; B1 and 

B2) (Igea et al., 2013). These clades are correlated with the geographic structure, being these mainly 

allopatric. Two main contact zones were detected between the two main clades (Fig. 10). One is in 

the Iberian System and the other one in the Cantabrian Range, although the latter was not clearly 

delimited due to the shortage of sampling in this area. Regarding dating estimates, it was estimated 

that the two mitochondrial clades diverged 0.32 Myr ago, putting an upper limit to the divergence of 

the two main populations. Finally, the main glacial refugium was inferred to be in the northwestern 

area of the distribution, being consistent with the areas of high genetic diversity and, also with the 

optimal areas for the Pyrenean desman, according to the SDM. Other glacial refugia, likely to be 

less important, were inferred within this distribution range (Fig. 11). From these glacial refugia, the 

postglacial expansions gave rise to the current distribution (Igea et al., 2013).

  31 



3.2 THE MEDITERRANEAN WATER SHREW (Neomys anomalus)

The Mediterranean water shrew (Neomys anomalus) is a semi-aquatic mammal endemic of the 

Iberian Peninsula (Fig. 12). This species used to be considered as the subspecies Neomys anomalus 

anomalus, belonging together with the subspecies Neomys anomalus milleri to the species Neomys 

anomalus. But a recent species delimitation project considered them as separate species (Igea et 

al., 2015). This work paved the way to study the phylogeography of this Iberian endemism. 

Figure 12. The Mediterranean water 
shrew (Neomys anomalus). 
Picture credit: Virginia Gutiérrez Río

For this reason, the Mediterranean water shrew was used as a model of study in this thesis. In 

addition, it is interesting to compare its phylogeography with that of the Pyrenean desman. Hence, 

in the following sections a review of what is known so far about this small mammal is described.

3.2.1. Neomys anomalus WITHIN THE FAMILY SORICIDAE

The Mediterranean water shrew belongs to the family Soricidae, the subfamily Soricinae and the 

tribe Nectogalini (Repenning, 1967). Despite their primitive appearance, such as the long nose, 

shrews (family Soricidae) have never grabbed the attention of many zoologists. This may be due 

to the fact that they are so difficult to sample. In any case, they had not been studied, properly 

classified and described until midway through the 20th century (Reumer, 1998).

Two paleontologists, Simpson (1945) and Friant (1947) were the first to classify the shrews (family 

Soricidae) (Simpson & others, 1945; Friant, 1947; Reumer, 1998). But it was not until 1967 when 

Reppening published "The Subfamilies and Genera of Soricidae” that the classification is similar 
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to what we use nowadays was established, although minor changes have since been included 

(Repenning, 1967; Reumer, 1998).

Until 2015, when it was proposed that Neomys anomalus anomalus changed its status from 

subspecies to species (Igea et al., 2015), N. anomalus was considered a Paleartic species with a 

wide-spread distribution, occupying central, southern and part of eastern Europe. After the species 

delimitation study, the Neomys genus was divided into four different species, N. teres, which is 

restricted to a patch in eastern Europe (Armenia, Azerbayan and Georgia), N. fodiens, which is 

widely distributed in the Palearctic from the north of the Iberian Peninsula to the Baikal lake and N. 

milleri, which occupies central and eastern Europe, including Italy, Greece and Turkey and also part 

of Asia. Finally, N. anomalus is endemic to the Iberian Peninsula. N. anomalus, N. milleri and N. teres 

are allopatric species as shown in the maps in Fig. 13, but, in contrast, N. fodiens overlaps with the 

three others.

3.2.2. GENERAL CHARACTERISTICS OF THE MEDITERRANEAN WATER SHREW

Figure 13. Distribution ranges of the 
Neomys anomalus anomalus, Neomys 
anomalus milleri and Neomys teres 
(Igea et al., 2015). Reprinted with the 
permission of the authors

The Mediterranean water shrew is a small semi-aquatic mammal with a long nose that it uses to feed 

on both river and terrestrial macroinvertebrates. They mainly forage in shallow waters, in muddy 

areas and in drier terrestrial habitats (Rychlik, 1997). Their legs are adapted to aquatic environments 

and it has a gland that secrets venomous substances. Its fur coloration ranges from black to grey 

(Ventura, 2007). As stated before, it is endemic to the Iberian Peninsula. 

Although it is considered as Least Concern by the IUCN (Categories, 2001), N. anomalus and N. 

milleri populations are known to be decreasing due to habitat fragmentation (IUCN, 2001). Their 

conservation status, especially now that they have been split, may have to be revised.

Regarding habitat preferences, this mammal lives in riverine ecosystems, although it is known to 

have colonized areas far away from the rivers and it is known to swim and dive less than its sister 

species, the Eurasian water shrew (Neomys fodiens) (Rychlik, 1997). It is distributed from the sea 

level to 1600 meters of altitude. Concerning reproduction, only studies regarding Neomys milleri 
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have been published (when Neomys anomalus and Neomys milleri were considered subspecies 

of Neomys anomalus), which indicates a reproduction period from spring to autumn. However, a 

revision of this reproduction patterns should be performed for N. anomalus. There is a similar lack 

of knowledge regarding population abundance and behaviour.

3.2.3. PHYLOGENETIC POSITION OF THE MEDITERRANEAN WATER SHREW (Neomys 

anomalus) WITHIN THE FAMILY SORICIDAE 

According to previous phylogenetic studies, the monophyly of the subfamily Soricinae within the 

family Soricidae is clear and well supported. Moreover, the tribe Nectogalini is highly supported in 

the phylogenetic tree and its split from its “sister” tribe Notiosociorini was 13.9 Myr ago (Dubey et 

al., 2007). Within the tribe Nectogalini, the genus Neomys is clearly the sister clade of the rest of 

genera. Regarding the origin of this family, it was inferred to be in Eurasia, expanding from there 

during the Miocene (Repenning, 1967; Rzebik-Kowalska, 1998; Storch et al., 1998). 

Based on a Bayesian species delimitation method, the tree with the four differentiated lineages within 

the genus Neomys  (N. teres, N. fodiens, N. anomalus and N. milleri) resulted in a posterior probability 

over 0.95 (Igea et al 2015). These and another analyses that indicated very low gene flow between 

lineages led to the conclusion that these four lineages deserve the status of species, elevating N. 

anomalus to species status. Moreover, the N. anomalus and N. milleri split was estimated to have 

occurred in the Middle Pleistocene, indicating a large period of isolation and genetic divergence 

(Igea et al., 2015). As a matter of fact, these two species were originally described as different 

species (Cabrera, 1907; Mottaz, 1907). Morphological differences between them included the skull 

shape, which in N. milleri is round and more angular in N. anomalus. Moreover, the tail and the hind 

feet are longer in N. anomalus (Miller, 1912; Cabrera, 1914).

4. THE ROLE OF GENETICS IN CONSERVATION

Currently, we are living through what is called the “sixth extinction”, where the magnitude of  loss 

of biodiversity is similar to the last massive extinction, according to geological records (Leakey, 

1995). Although extinctions are natural evolutionary processes where the equilibrium is maintained 

by the appearance of new species, this time the number of extinctions exceeds the number of 

new speciation processes. This is because human actions are accelerating the extinction, reducing 

considerably the planet biodiversity (Frankham et al., 2002). Thus, it is necessary to take action 

to restore and conserve habitats and species. And the first step to preserve species and habitats 

is to understand their biology. Genetic research can help in obtaining useful information on many 
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aspects that can be essential for conservation (Frankham et al., 2002; Schwartz et al., 2007). In this 

thesis, I try to understand the evolutionary history of two endemic species, the Pyrenean desman 

and the Mediterranean water shrew, with the purpose of obtaining useful scientific information and 

the final aim of preserving and conserving them. 

The main threats of biodiversity are habitat loss, over-exploitation, invasive species, pollution and 

the current climate change, as stated before, mainly due to anthropogenic causes (Wilson, 1989; 

Dudgeon et al., 2006; Groom, 2006). But, why is it so important to conserve biodiversity? The first 

reason is mainly ethical and philosophical. Living organisms have been evolving over thousands 

of years and they should be able to continue to exist following the natural equilibrium of extinction 

and speciation. That is to say that the man should interfere the minimum possible in the natural 

environment, following the idea of “the land ethics” that Aldo Leopold developed. But, aside from 

this ethical justification, biodiversity has a huge economical value. For instance, organisms provide 

bioresources such as food or pharmaceutical drugs (Harvey, 2008). Also, the ecosystem services 

available, such as the oxygen produced by plants or climate regulation, are key for the functioning of 

all organisms. In fact, the pollution of the air is causing considerable economic losses in the health 

industry, aside from the high levels of lung cancer and other associated diseases (Lave & Seskin, 

1973). Another reason to preserve biodiversity is what is called the “aesthetic” value, referring to the 

pleasure that biodiversity gives to humans. This is, for example, the enjoyment of natural parks and 

reserves, the ornamental use of plants, ecotourism and wild animal safaris, among others. Hence, 

the decrease of biodiversity would result in a remarkable loss, both economic and patrimonial 

(Frankham et al., 2002). This makes biodiversity extremely important to preserve, and indeed this 

need is recognized by the IUCN.

Genetics is recognized as essential for species fitness and capacity of evolving (Frankham 

et al., 2002). Genetic studies can be applied to conservation in several ways, such as reducing 

the extinction risk due to loss of genetic diversity, resolving taxonomic uncertainties that would 

determine if a population is unique and needs special conservation treatments or defining sites for 

reintroductions or translocations (Frankham et al., 2002). It is widely known that population with low 

genetic diversity have less fitness and high risk of extinction (Reed & Frankham, 2003). For example, 

a genetic study regarding genetic diversity of the Tasmanian devil (Sarcophilus harrisii) determined 

that the low genetic diversity of their populations is the reason why an epidemic facial tumour 

is leading the species to extinction. This finding has improved the conservation management, 

reintroducing specimens and isolating healthy populations (Jones et al., 2007), proving that genetics 

plays an essential role in conservation.

Phylogeographic studies are also useful for conservation, as it helps to describe the primary motors 

of evolution, allowing the detection of important evolutionary processes, such as dispersal (Bonin et 

al., 2007; Gugerli et al., 2008). Together with protecting species and habitats, evolutionary processes 
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should be included in conservation programmes, as these are the drivers of diversification, speciation 

and, consequently, the persistence of populations and species (Carvalho et al., 2011; Crandall et 

al., 2000).
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The study of intraspecific diversity is essential in ecology and evolution as they reveal fine-scale 

patterns and it is crucial in conservation planning. The main aim of this thesis is to study the 

evolutionary history of two Iberian Soricomorpha: The Pyrenean desman (Galemys pyrenaicus) and 

the Mediterranean water shrew (Neomys anomalus). Both mammals are semi-aquatic and endemic 

to the Iberian Peninsula. To this end, different approaches were applied, such as genomics, 

phylogeography and species distribution modelling (SDM), in the three chapters of this thesis. In 

Chapter 1, the main aim was to study the population structure of the Pyrenean desman using 

genomic markers. In order to achieve this objective, we optimized a genomic reduction protocol, 

double-digestion RAD sequencing (ddRAD), for the low DNA quantities needed when working with 

endangered species, like the Pyrenean desman. Moreover, we filtered and evaluated the library and 

determined the sex of the specimens used. Then, we estimated the heterozygosity rate and we 

determined population structure and evolutionary units performing a Principal Component Analysis 

(PCA), a Structure analysis and a genomic phylogenetic tree. As result, the heterozygosity rate 

turned out to be one of the lowest in mammals and five clades were delimited in the population 

structure. These results have important conservation implications. In Chapter 2, our main aim was to 

infer the mitochondrial genetic structure and the postglacial dispersal patterns of the north-western 

clade of the Pyrenean desman, using non-invasive samples. We delimited a contact zone in the 

Cantabrian Mountains and we studied the structure of nucleotide diversity through an interpolation 

map, the genetic structure through an Analysis of Molecular Variance (AMOVA) and the dispersal 

patterns through an Isolation-by-Distance approach. The results revealed areas of very high genetic 

diversity and areas of extremely low genetic diversity. Moreover, half of the genetic structure can be 

explained by the isolation of river basin, meaning that the desmans were not completely isolated 

in these basins, which is consistent with postglacial overland dispersal between the basins. This 

result was confirmed by the Isolation-by-Distance approach, which also revealed a high relative 

importance of overland dispersal during the Holocene but a similiar relative importance of overland 

and river dispersal for short distances. This study has also conservation implications, as it suggests 

that terrestrial corridors within the desman distribution range should also be restored and preserved. 

Finally, in Chapter 3, we studied the phylogeography of the Mediterranean water shrew, which was 

recently delimited as a species. We studied its phylogenetic structure using a Maximum Likelihood 

and Bayesian Inference phylogenetic trees. Moreover, we interpolated the nucleotide diversity and 

performed a species distribution modelling. The results revealed two main clades correlated with 

geographic structure. Moreover, the study suggests certain coincidence of high genetic diversity 

areas with optimal areas in the Last Glacial Maximum. Which is is consistent with the location of the 

glacial refugia. 

ABSTRACT
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RESÚMEN (IN SPANISH)

La diversidad dentro de especies es clave desde el punto de vista ecológico y evolutivo y, además, 

para la conservación. El principal objetivo de esta tesis es estudiar la historia evolutiva de dos 

mamíferos ibéricos: el Desmán de los Pirineos (Galemys pyrenaicus) y el Musgaño de Cabrera 

(Neomys anomalus). Para ello, se han utilizado diversas metodologías, entre ellas genómica, 

filogeografía y modelos de distribución de especies, a lo largo de los tres capítulos que conforman 

esta tesis. En el capítulo 1, se busca estudiar la estructura genética del desmán usando marcadores 

genómicos. Para ello, se optimizó un protocolo de reducción genómica (ddRADSeq) y se 

realizaron análisis genómicos con los datos resultantes de la librería. Los resultados revelaron una 

heterozigosidad extremadamente baja y cinco clados como unidades evolutivas. Estos resultados 

tienen repercusión en la conservación de la especie. En el capítulo 2, se estudia la estructura 

genética mitocondrial y los patrones de dispersión postglacial del desmán en el clado nor-occidental. 

Los resultados sugieren que los desmanes no estuvieron completamente aislados en las cuencas 

de los ríos y se dispersaron durante el Holoceno por tierra para realizar desplazamientos largos. 

Por el contrario, para desplazamientos cortos, los resultados sugieren que se pudieron desplazar 

tanto por el río como por tierra. Finalmente, en el capítulo 3, se estudia la filogeografía e historia 

evolutiva del Musgaño de Cabrera y se ha descubierto una estructura genética dividida en dos 

clados correlacionados con la estructura geográfica. Además, los resultados sugieren la existencia 

de refugios glaciares y una compleja historia postglacial.
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ABSTRACT

The genetic structure of small semiaquatic animals may be influenced by dispersal across both 

rivers and land. The relative importance of these two modes of dispersal may vary across different 

species and with ecological conditions and evolutionary periods. The Pyrenean desman (Galemys 

pyrenaicus) is an endemic mammal of the Iberian Peninsula with a strong phylogeographic structure 

and semiaquatic habits, thus making it an ideal model to study the effect of river and overland 

dispersal on its genetic structure. Thanks to different types of non-invasive samples, we obtained an 

extensive sampling of the Pyrenean desman from the north-western region of the Iberian Peninsula 

and sequenced two mitochondrial DNA fragments. We then analysed, using an isolation-by-distance 

approach, the correlation between phylogenetic distances and geographical distances measured 

along both river networks and land to infer the relative importance of river and overland dispersal. 

We found that the correlations in the whole area and in a large basin were consistent with an effect 

of overland dispersal, which may be due to the frequent postglacial colonization of new territories 

using terrestrial corridors, likely facilitated by a more extensive fluvial network that may have been 

present in the Holocene. However, in a small basin, likely to be less influenced by the impact of 

ancient postglacial dispersal, the correlations suggested a significant effect of both overland and 

river dispersal, as expected for a semi-aquatic mammal. Therefore, different scales reflect different 

aspects of the evolutionary history and ecology of this semiaquatic species. The results we obtained 

may have crucial implications for the conservation of the Pyrenean desman because they reinforce 

the importance of inter-basin dispersal for this species and the need to protect, not only the riverine 

ecosystems, but also the upper parts of rivers and riparian corridors between basins, which may 

have a great potential for the dispersal of the species.

Keywords: dispersal, Galemys pyrenaicus, genetic diversity, Iberian Peninsula, isolation-by-

distance, mitochondrial DNA 

INTRODUCTION

One of the greatest challenges in phylogeography is to understand how geography and ecology 

shape the genetic structure of species (Avise 2009). Indeed, geography in particular can affect 

genetic structure in many ways, such as by inducing the fragmentation of populations and shaping 

the dispersal patterns among them (Manel et al. 2003). This is particularly important for riverine 

species, which usually have strict ecological requirements. When the river networks have suitable 

physical and ecological conditions for the species, they can connect populations from different 

locations of the network (Chaput-Bardy et al. 2008; Paz-Vinas et al. 2015; Byrne et al. 2015). Rivers 

can also act as barriers to dispersal of aquatic species when their width, depth, water regimes or 

the presence of water infrastraures are inappropriate for the species and thus have an extreme 

influence on genetic structure (Raeymaekers et al. 2008; Bartáková et al. 2015; Byrne et al. 2015). 
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Despite its interest, there are still few studies that have analysed the effects of river systems on the 

genetic structure of semiaquatic mammals, in which their degree of dependency on the aquatic 

medium is crucial in understanding when rivers act as barriers and when they are fundamental for 

their dispersal (Furlan et al. 2013; Senn et al. 2014; Pagacz 2016).

In this study, we focus on the Pyrenean desman [Galemys pyrenaicus (Geoffroy, 1811)], a small 

semiaquatic mammal endemic to the Iberian Peninsula. The Pyrenean desman is highly dependent 

on specific features of the rivers where it lives, generally preferring small rivers and streams with 

constant flow through the year and certain slope to favour oxygenation of the waters (Palmeirim & 

Hoffmann 1983; Charbonnel et al. 2015). It presents strong adaptations to the aquatic ecosystems 

such as a highly-mobile protracted snout, large hindfeet and a long tail with stiff hairs (Palmeirim & 

Hoffmann 1983). Due the fragility of its habitat, this species is endangered in part of its distribution 

range and is considered as Vulnerable at the global scale by the IUCN red list (Fernandes et al. 

2011). According to the IUCN, major threats include water pollution, increased water extraction for 

irrigation, and habitat fragmentation due to the construction of hydroelectric plants and dams. In 

addition, predation by American mink (Neovison vison) might be affecting populations where this 

invasive species is abundant. Climate change is anticipated to be a threat to the desman in the 

future, as the species tends to occur in areas with annual rainfall superior to 1000 mm and, given 

climate scenarios for the Iberian Peninsula, the species may decrease its distribution in the most 

vulnerable areas (Fernandes et al. 2011). Previous studies on the genetic structure and diversity of 

this species revealed a strong phylogeographic structure (Igea et al. 2013; Querejeta et al. 2016). 

According to mitochondrial data, there are two main groups (A and B), which are further subdivided 

into four subgroups (A1, A2, B1 and B2) of allopatric distribution and likely glacial origin (Igea et 

al. 2013). The populations with the largest genetic diversity were detected in the occidental part 

of the distribution, thereby suggesting that one of the most important glacial refugia was in this 

area. Interestingly, the contact zones between the main mitochondrial groups (one located in the 

Cantabrian Mountains and the other in the Iberian Range) indicated an almost complete absence 

of spatial mixing between these maternal lineages after postglacial recolonization (Igea et al. 2013). 

A genomic analysis based on ddRAD sequences and SNPs corroborated the existence of a strong 

structure (Querejeta et al. 2016). The high genetic diversity of the occidental population compared 

to other populations was confirmed by the same genomic analysis (Querejeta et al. 2016), thus 

making this population of great interest for studying the interaction between genetic structure and 

dispersal patterns across rivers and land.

Previous studies showed that the overall genetic structure of the Pyrenean desman was basically 

associated with the main mountain ranges, whereas the influence of river basins on the partition of 

the genetic diversity was smaller than previously believed (Igea et al. 2013; Querejeta et al. 2016). 

However, the sampling density in these studies was low and the study of the effects that rivers 

may have on the genetic structure at smaller scales was not possible. In this work, we obtained an 
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extensive sampling of the Pyrenean desman in the occidental population thanks to different types 

of non-invasive samples and studied how the river networks shaped the phylogeographic pattern of 

this semiaquatic species. We aimed to answer two basic questions: (1) what is the genetic structure 

and the variability of the genetic diversity in the Pyrenean desman in the north-western region of 

the Iberian Peninsula, and (2) whether this genetic structure is more influenced by overland or river 

dispersal.

Our approach derives from the well-known isolation-by-distance model (Wright 1943), which is 

based on the premise that genetic isolation increases with geographical distance and predicts 

genetic similarity at shorter distances as well as differentiation at greater distances due to limited 

dispersal. In principle, Euclidean distances can be used to infer isolation by distance for terrestrial 

organisms. However, it has been observed that distances that account for the landscape structure 

can better predict isolation by distance (Coulon et al. 2004). Furthermore, for aquatic and semiaquatic 

organisms, distances across the river network should be taken into account (Vignieri 2005). 

Following these previous works, we studied for the occidental clade of the Pyrenean desman the 

correlation between genetic distance and three kinds of geographic distances. Firstly, we calculated 

the Euclidean distance, as a simple measure of the geographical distance between two samples. 

We also calculated a least-cost path distance (Adriaensen et al. 2003) that accounts for altitude 

as only covariate; this distance complements the Euclidean distance as a better approximation 

for the geographical distance in mountain areas. Finally, we calculated the river distance along the 

river networks, which we hypothesized to be a highly important variable for a semi-aquatic species 

(Figure 1). A high correlation between genetic distance and Euclidean and/or altitudinal distance 

would be consistent with an important effect of an isolation-by-distance relationship and dispersal 

occurring overland, whereas a high correlation between genetic distance and river distance would 

suggest isolation by distance with dispersal taking place along rivers. We also discuss the interest 

of this approach to discern the evolutionary and ecological factors involved in the dispersal of 

semiaquatic species and the importance that this knowledge may have for conservation planning 

of the Pyrenean desman.

 

METHODS

SAMPLING, DNA EXTRACTION AND AMPLIFICATION

A total of 192 samples from Pyrenean desmans of the north-western part of the Iberian Peninsula 

(Spain and Portugal) were used (see Table S1 and Figure S1 of Supporting Information). Most of these 

samples (131) were collected as part of two LIFE+ projects dedicated to the study of the Pyrenean 

desman: DESMANIA (LIFE11 NAT/ES/000691) and MARGALULLA (LIFE09 NAT/ES/000514). Of 

these samples, 84 were obtained from faeces that desmans deposit on emerged rocks in the 

rivers. A further 47 samples were from depredated desmans found in the excrements of carnivores, 
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likely Eurasian otters, which were collected in rivers (Callejo & Delibes 1987). The dataset was 

complemented with the sequences from 61 samples of a previous study of the Pyrenean desman 

(Igea et al. 2013).

DNA of the new samples was extracted using the DNeasy Blood and Tissue kit from QIAGEN, 

following the manufacturer's instructions, in a separated UV-irradiated area with dedicated 

equipment. Desman faeces were treated as described in Igea et al. (2013). Carnivore faeces 

containing depredated desmans were cleaned, and hair and tissue of desman origin were separated 

for extraction. This material was then processed as for the other samples.

The last 724 bp of the mitochondrial cytochrome b gene, which is the fragment with the highest 

number of variable positions, was amplified using two PCR reactions, and the first 342 bp of 

the D-loop fragment was amplified in another PCR. PCR conditions, primers and sequencing 

procedures can be found in Igea et al. (2013). The sequences were edited and assembled using 

GENIOUS PRO (Biomatters Ltd). The final sequences of both genes obtained in this and previous 

work were concatenated, resulting in an alignment of 1066 bp for 192 sequences. New sequences 

were deposited in GenBank under accession numbers X-X.

PHYLOGENETIC ANALYSES

The concatenated alignment of cytochrome b and the D-loop was used to reconstruct a maximum-

likelihood phylogenetic tree using PHYML 3.0 (Guindon et al. 2010). An HKY model was used following 

the work of Igea et al. (2013). A haplotype genealogy was obtained based on the reconstructed tree 

using HAPLOVIEWER 1.0 (Salzburger et al. 2011).

Our analysis confirmed the existence of two main mitochondrial groups in the area, A and B, with a 

mostly allopatric distribution. Subsequent analyses were performed with clade A, which consisted 

of 157 samples, to avoid the confounding effects of the more divergent sequences from clade B.

GENETIC DIVERSITY

To explore the genetic diversity of the Pyrenean desman in the studied area, we used the alignment 

and the sample coordinates to compute, for each sampling point, the nucleotide diversity (π) values 

for all samples found in a radius of 10 km around the sampling point (Igea et al. 2013). We then used 

an inverse distance weight algorithm to interpolate the values of π in a grid of 1 km x 1 km of the 

distribution studied, using the idw function of the R package GSTAT (Pebesma & Graeler 2016). The 

surface obtained was superimposed on a map of the distribution studied. In addition, we obtained 

the unique haplotypes within the alignment using the FindHaplo function of the R package SIDIER 

(Muñoz-Pajares 2013) and also plotted them on the map.
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ANALYSIS OF MOLECULAR VARIANCE

To study the extent to which river basins determine the genetic structure we conducted a hierarchical 

analysis of molecular variance (AMOVA) (Excoffier et al. 1992) using a matrix of pairwise genetic 

distances and the isolated river basins in which the samples were found as unique factor. This 

analysis was performed using the R package PEGAS (Paradis 2010).

The matrix of genetic distances between all samples was calculated as the sum of the branch 

lengths separating them in the maximum-likelihood tree (patristic or phylogenetic distances), which 

should account for all the divergence among sequences. We used the cophenetic.phylo function of 

the R package APE for this calculation (Paradis 2004).

GEOGRAPHICAL DISTANCES

Before computing the geographic distances, sample coordinates were moved to the nearest point 

in the river using the snapPointsToLines function of the R package MAPTOOLS (Bivand et al. 2016).

Euclidean pairwise distances were calculated using the pointDistance function of the R package 

Raster (Hijmans et al. 2016), which takes into account the curvature of the Earth.

The altitude-based least-cost path distance was computed using the R package GDISTANCE (van 

Etten 2015). We first calculated the transition matrix from a raster of altitudes taken from WorldClim 

(http://www.worldclim.org) using the transition function and then applied a correction to take into 

account the curvature of the Earth with the geoCorrection function. Finally, the least-cost path 

distance was calculated using the costDistance function.

River distances were computed using the R package SECRLINEAR (Efford 2015). First, a shapefile 

of the river network from the distribution studied was obtained by merging the river shapefiles from 

Spain (Ministerio de Agricultura, Alimentación y Medio Ambiente) and Portugal (Atlas do Ambiente 

Digital - Instituto do Ambiente). This shapefile was converted to an R object of linearmask type 

using the read.linearmask function. The pairwise distance matrix was then obtained using the 

netwotkdistance function, which computes the shortest paths along the network. When two points 

belonged to different basins, and therefore unconnected river networks, the pair was treated as 

missing data in the correlation analyses.
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Figure 1

A

B

C
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A

B
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Figure 1. Scheme of the computation of Euclidean (A), altitude-based least-cost path (B) and river (C) distances between 
two sampling points.
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Correlations between phylogenetic distance and the three types of geographic distances were 

calculated by means of a Mantel test using the mantel.test function of the R package NCF (Bjornstad 

2016), for a total of 9999 permutations.

 

RESULTS

PHYLOGENETIC ANALYSIS

The haplotype genealogy based on the maximum likelihood tree (Figure 2A) showed a clear 

separation between clades A (with samples belonging to subgroup A1) and B (with samples from 

subgroups B1 and B2). The visualization of the main clades in the map (Figure 2B) confirmed a strict 

geographical separation between them despite the large number of samples used. Thus, clade A1 

occupies the occidental part of the studied area and clade B1 the north-eastern part, with almost 

no mixing between them. Specimens from both clades were found in only two rivers (Curueño 

and Porma; Figure S2). A few samples from clade B2 are intermixed with B1 samples, as reported 

previously (Igea et al. 2013).

Figure 2. Haplotype genealogy of the mitochondrial sequences based on a maximum-likelihood tree in which circles 
represent haplotypes, size is proportional to the number of individuals, and black dots represent intermediate, unsampled 
haplotypes (A), and map of the samples coloured according to the mitochondrial clade (B)
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GENETIC DIVERSITY

Genetic diversity was analysed using 157 samples from clade A1. Both the plot of interpolated 

nucleotide diversity values and the distribution of different haplotypes (Figure 3) revealed that 

genetic diversity is not homogeneous across the area, with spots of low and high diversity being 

found in the distribution studied. When averages per basin were determined, nucleotide diversity 

showed the highest value in the Duero basin (0.00547). The lowest average was found in the Ulla 

basin (0.00019), where a large number of identical haplotypes were present.

EFFECT OF RIVER BASIN ON GENETIC STRUCTURE

The one-way AMOVA performed using samples from clade A1 and the 11 isolated river basins as a 

factor (Table S1 and Figure S1) revealed that 53.8 % of the genetic variation was due to the partition 

between river basins (Table S2; p > 0.05).

DISPERSAL PATTERNS

We then performed the Mantel tests for all samples from clade A1 and found a correlation of 

0.32 between the phylogenetic and Euclidean distances, and 0.48 between the phylogenetic and 

igure 

Figure 3. Plot of interpolated nucleotide diversity values, with the colour scale indicating nucleotide diversity. Different 
haplotypes are shown with different colours. A different random colour is used for each haplotype and therefore a greater 
variety of colours in an area also indicates greater genetic diversity.
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altitude-based least-cost path distances, with both having significant p-values (p < 0.05; Table 1). 

The correlation between phylogenetic and river distances was not significant.

We also performed the correlation analyses in the two basins with the largest number of samples. 

The correlation between the phylogenetic and Euclidean distances in the Duero basin (Figure S1), 

with 55 samples, was 0.11 and that between the phylogenetic and altitude-based least-cost path 

distances was 0.16, although only the latter was significant (Table 1). The correlation between the 

phylogenetic and river distances was not significant.

Table 1. Results obtained from the Mantel tests for all the distance matrices. Altitude refers to altitude-based least-cost path 
distance.

In contrast, the three Mantel tests for the Miño basin (Figure S1), with 44 samples, were all significant 

(Table 1), with a value of 0.40 for the correlation between phylogenetic and Euclidean distances, 

0.41 when altitude-based least-cost path distances were considered, and 0.38 for river distances.

 

DISCUSSION

PHYLOGEOGRAPHIC STRUCTURE AND STRICT CONTACT ZONE IN THE CANTABRIAN 

MOUNTAINS

The Pyrenean desman shows a strong genetic structure, probably due to the past existence of several 

isolated glacial refugia in which different populations persisted during Pleistocene glaciations and 

accumulated genetic divergence (Igea et al. 2013; Querejeta et al. 2016). The existence of multiple 

glacial refugia within South European peninsulas, classically considered to be homogeneous 

refugia, has been proven for many other endemic and semi-endemic species (Alexandrino et al. 
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2000; Martinez-Solano et al. 2006; Gomez & Lunt 2007; Godinho et al. 2008; Centeno-Cuadros 

et al. 2009; Gonçalves et al. 2009; Razgour et al. 2015). This list includes species associated to 

aquatic ecosystems such as the golden-striped salamander Chioglossa lusitanica (Alexandrino et 

al. 2000) or the southern water vole Arvicola sapidus (Centeno-Cuadros et al. 2009). In this work, we 

used a large sample set of the Pyrenean desman from the occidental part of the Iberian Peninsula, 

which includes the two main mitochondrial clades of this species and the contact zone between 

them, to determine whether a larger dataset could help to reveal some spatial intermixing of clades 

and to study how dispersal across land and rivers may have shaped the genetic structure of this 

semiaquatic species. Specifically, the mitochondrial clades A1 and B1 likely entered into contact in 

the Cantabrian Mountains after the postglacial recolonization from their respective refugia (Igea et 

al. 2013). The detailed genetic characterization of these populations carried out in this work allowed 

us to detect the contact zone between these clades and revealed that there is indeed a small degree 

of spatial mixing between them (Figure S2). Specimens belonging to the two clades were only found 

in two rivers, namely the Porma and its tributary the Curueño. The fact that no other specimen of 

clade A1 can be found in the area of clade B1, and vice versa, supports a strong phylogeographic 

structure for this species (Igea et al. 2013). The distribution pattern of both mitochondrial clades 

is intriguing because there is no apparent physical barrier to dispersal in this contact zone. Future 

in-depth analyses in this contact zone, including genomic analysis, may reveal crucial aspects 

concerning contemporary dispersal and gene flow, thereby helping to better delimit conservation 

units (Crandall et al. 2000).

VARIABILITY OF THE GENETIC DIVERSITY AND GLACIAL HISTORY

The spatial analysis of the genetic diversity of clade A1 showed several areas of greater genetic 

diversity (Figure 3). In particular, the area with highest values (> 0.004) is located in the centre of 

the studied area. The species-distribution modelling performed in a previous work revealed that 

the areas of maximum probability of potential distribution during the Last Glacial Maximum were 

largely coincident with areas of maximum genetic diversity (Igea et al. 2013). However, according 

to such study the optimal glacial refugium in the nor-occidental area was closer to the coast than 

the high genetic spot observed. Mixing of haplotypes from different areas might explain areas with 

high mitochondrial diversity displaced from original refugia. Additionally, the study of these details 

about the glacial history of the Pyrenean desman will require an exhaustive sampling in this area 

and, particularly, the use of genomic data to summarize genetic diversity from more loci.

Spots of low genetic diversity include the contact zone of clades A1 and B1 in the Cantabrian 

Mountains and another area in the most north-western part (Ulla basin), which in principle may 

correspond to areas recently colonized via a bottleneck (Taberlet et al. 1998; Hewitt 2000; Gomez 

& Lunt 2007). This recent colonization is likely to have happened in the contact zone between the 

mitochondrial clades, which may have been subjected to harsh conditions during the Last Glacial 
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Maximum (Igea et al. 2013). However, the Ulla basin is close to areas of potential distribution during 

the Last Glacial Maximum (Igea et al. 2013). Therefore, a more complex hypothesis that includes 

the existence of a glacial refugium, local extinctions and subsequent recolonization via a bottleneck, 

cannot be ruled out to explain the current low genetic diversity in the Ulla basin. These complex 

scenarios, also suggested for other species of the Iberian Peninsula, would give further support the 

intricate evolution of populations associated to the glacial history of South European peninsulas 

(Gomez & Lunt 2007; Godinho et al. 2008).

RELATIVE IMPORTANCE OF DISPERSAL MODES IN SEMIAQUATIC SPECIES

The AMOVA revealed that only 53.8 % of the genetic variability was due to the isolated river basins, 

thus indicating that, although these basins may have played an important role in structuring the 

genetic diversity, the desmans are not completely isolated within them.

The Mantel tests revealed a high correlation between overland distances (both Euclidean and least-

cost path) and phylogenetic distances for the whole distribution studied, thus indicating a strong 

effect of isolation by distance in the Pyrenean desman. The main implication of this result is that 

dispersal is low in this species, creating an isolation-by-distance pattern. This conclusion is in 

agreement with data known from radiotracking studies, which showed that desmans have reduced 

vital areas, usually including only hundreds of meters in a stretch of river, and limited dispersal 

capability (Stone 1987; Melero et al. 2012; 2014). Moreover, long-range movement are exceptional 

in this species, as shown by genotyping of faeces (Gillet et al. 2016).

The correlation found with overland distances but not river distances indicates that the isolation-by-

distance pattern can be better modelled, in principle, through terrestrial dispersal in the Pyrenean 

desman. In addition, the lack of correlation between river and phylogenetic distances suggests that 

the effects of dispersal along the river network were eclipsed by overland dispersal. These results 

are in apparent contradiction with the known dependency of the Pyrenean desman on the aquatic 

medium but they may be explained by historical factors. One possibility is that desmans colonized 

new basins from the glacial refugia using terrestrial corridors (Igea et al. 2013). This mode of overland 

dispersal may have been facilitated during the Holocene deglaciation, in which large glaciers were 

subdivided into smaller ones (Serrano et al. 2016), likely giving rise to a greater abundance of 

streams and humid habitats. In other words, it is possible that the river network was larger than 

it is today, facilitating connectivity between basins. This way, overland dispersal of the Pyrenean 

desman would have been reduced to short stretches between basins. Therefore, the Holocene 

may have been highly favourable for the dispersal and colonization of large areas by a semiaquatic 

species like the Pyrenean desman. Additional connections between some specific basins during 

glacial periods invoked to explain the distribution of some Iberian fishes (Aboim et al. 2013) cannot 

be totally discarded although their effects on the overall dispersal of the Pyrenean desman may not 

have been as important as the existence of a larger fluvial network.
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Similar results were found for the Duero basin, which is the largest one in the area studied. A 

significant correlation was found between phylogenetic distances and altitude-based least-cost 

path distances but not river distances. The correlations were low in this basin, implying a relatively 

marginal isolation-by-distance pattern at this level. These weak correlations may be caused by the 

particular distribution of samples in this basin, which only covers its north-western edge and does 

not include most of the basin area (Figure S1). In any case, these results are again consistent with 

the colonization of this large basin via an important component of overland dispersal. The large and 

continuous forest areas found near the headwaters of the mountain rivers in this basin are likely to 

have contributed to an increased connectivity between rivers.

In contrast, a significant correlation between phylogenetic distances and both overland and 

river distances was found for the Miño basin, as expected for a semiaquatic mammal. The small 

mountains in this basin and the presence of corridors at low altitudes may have favoured overland 

interconnections between rivers, thus explaining the correlation between phylogenetic and overland 

distances. However, the presence of a significant correlation between phylogenetic and river 

distances indicates a prominent effect of river dispersal. The smaller size of this basin makes it likely 

that these correlations reflect overall more recent dispersal rather than postglacial colonization, as 

compared to larger basins and the whole area.

To explain the different dispersal modes found for the Pyrenean desman in the Duero and Miño 

basins, important aspects other than differences in basin size should be taken into account. Within 

the Duero basin, the Pyrenean desman is present mainly in the headwaters of rivers, where it can find 

these suitable habitats, whereas large tributaries and rivers present in the central part of this basin 

are not adequate for the species, as indicated by its absence in this area (Figure S1). This central 

area in the Duero basin interrupts dispersal and breaks the correlation between phylogenetic and 

river distances and, probably, also contributes to the low correlation observed between phylogenetic 

and terrestrial distances. The Miño basin, however, has suitable riverine habitats for the desman in 

the majority of the basin, without any important area in which the species is absent, thus facilitating 

interconnection of desmans through a larger part of the river network and explaining the positive 

correlation between phylogenetic and river distances.

It is also important to consider that rivers inhabited by the Pyrenean desman are interrupted by 

artificial barriers that include hydroelectric plants and dams, but also by ecological barriers caused 

by water pollution and desiccation due to water extractions (Fernandes et al. 2011). This is creating 

fragmented populations with reduced connectivity, which, in turn, may have affected the calculation 

of the correlations between phylogenetic and river distances; this is a problem that we could not 

circumvent in this work. Specific studies aimed to investigate these water infrastructures will be 

necessary to understand how they affect the dispersal of the Pyrenean desman.
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Taken together, these results demonstrate a strong isolation-by-distance effect in the Pyrenean 

desman that can in principle be modelled through overland dispersal when large areas area considered, 

and through both river and overland dispersal when smaller basins with highly appropriate habitats 

are analysed; when a large proportion of the analysed area is unsuitable for the species, the isolation-

by-distance effect may be smaller. These results also suggest that the postglacial colonization of 

new areas was quite successful during the deglaciation phase, in which favourable habitats for the 

desman may have been highly abundant, thus leading to the rapid colonization of large areas that 

constitute the current species range. This dispersal may have occurred through overland corridors 

between basins or through a more extensive fluvial network that may have been present during the 

Holocene. It is likely that contemporary inter-river dispersal became more reduced after this period. 

This restricted dispersal would explain the lack of current spatial mixing of mitochondrial clades in 

their contact zone despite the absence of any clear geographical barrier (Figure S2).

The methodology used here to study these dispersal modes, and the results obtained, open up a 

promising avenue of research regarding the study of evolutionary and ecological factors that affect 

dispersal in different semiaquatic species. Thus, these methods can complement previous studies 

on semiaquatic species that also disperse along rivers or land depending on different ecological 

factors, such as the Eurasian otter (Pagacz 2016), the Eurasian beaver (Senn et al. 2014) or the 

platypus (Furlan et al. 2013), to name a few, and determine to what extent they depend on river and 

overland dispersal modes. As we have shown here, it is important to note that the results of this 

isolation-by-distance method may be dependent on the size and ecological features of the area 

analysed and, consequently, different scales may reflect different aspects of the evolutionary history 

and ecology of semiaquatic species.

It should also be taken into account that the divergence levels in mitochondrial DNA analysed 

herein arose during ancient periods, and therefore the dispersal patterns inferred with these data 

apply mainly to them (Avise 2009). The study of contemporary dispersal patterns would require an 

analysis of a higher number of nuclear loci to reveal fine-scale genetic structure. The computation of 

genetic distances derived from the nuclear genome may also help to avoid problems with dispersal 

differences between sexes because mitochondrial DNA is only inherited by females and would not 

allow different patterns of male dispersal to be determined (Waits et al. 2000; Nater et al. 2011). 

However, both mitochondrial and genomic studies provide complementary data and are necessary 

to understand both the evolutionary history of the species and its dispersal behaviour.

CONSERVATION IMPLICATIONS

Studies of dispersal patterns in semiaquatic species are especially relevant for endangered species 

like the Pyrenean desman. Without doubt, preserving and restoring the aquatic habitat is the most 
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important aspect for the conservation of this species. However, our results suggest that certain degree 

of overland dispersal was important in the recent evolutionary past of the species and therefore 

reinforce the idea that riparian corridors between isolated river basins should also be protected 

because they have a great potential for the dispersal of the species. Specifically, an adequate 

plan for the conservation of a semiaquatic species like the Pyrenean desman should consider the 

delimitation and protection of potential riparian corridors in addition to the conservation of rivers. 

In particular, riverine habitats of the upper parts of rivers, especially those situated at low altitudes 

and with tributaries close to the watershed divides, may facilitate genetic interchange between 

populations, and therefore deserve special protection. Forest areas in watershed divides may also 

favour inter-river dispersal. Ultimately, an effective protection of the whole riverine ecosystem that 

includes the upper parts of rivers and potential corridors between them may be essential for the 

long-term survival of the Pyrenean desman populations.
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Table S2. Analysis of Molecular Variance (AMOVA) for the phylogenetic distances between desmans inhabiting isolated river 
basins and within desmans inhabiting isolated river basins. % is the percentage of variance explained by the isolation of river 
basins.

Figure S1. Map of the study area showing the main basins (A), and enlargement of the Miño and Duero basins (B). 
A number of smaller basins were grouped as "Others"

lla
uero

Mi o
a ia
al n

Eo
erez

thers

ambre
imia

 m

 m

Mi o basin uero basin

Figure S1. Ma  of the stud  area showing the main basins  and enlargement of
the Mi o and uero basins .  number of smaller basins were grou ed as thers .

 92



Clade B1 Clade B2
Clade A1

Curueño river
Porma river

Figure S2. Enlargement of the contact zone between the main mitochondrial clades
in the Cantabrian Mountains.

Figure S2. Enlargement of the contact zone between the main mitochondrial clades in the Cantabrian Mountains.
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ABSTRACT

Inferring glacial refugia is key to understanding the origin of extant Paleartic species. The Iberian 

Peninsula was likely one of the most important glacial refugia during the Last Glacial Maximum, 

giving rise to different endemic species. This is the case of the Mediterranean water shrew (Neomys 

anomalus), which is a recently delimited species endemic to the Iberian Peninsula and inhabits 

riparian ecosystems. Here, we inferred its evolutionary history and glacial refugia during the Last 

Glacial Maximum combining phylogeography, spatial distribution of genetic diversity and species 

distribution modelling. To perform these analyses, we used 133 non-invasive samples covering 

most of its distribution and sequenced partial mitochondrial cytochrome b and D-loop genes. Using 

these sequences, we constructed maximum-likelihood and Bayesian phylogenetic trees, which 

indicated that N. anomalus was divided into two main phylogroups (A and B), strongly correlated 

with geography. The nucleotide diversity interpolation maps showed the highest genetic diversity 

in the Cantabrian Mountains, in the north of the Iberian Peninsula. Finally, we performed a species 

distribution modelling using the Global Biodiversity Information Facility and our sampling localities 

as occurrences together with bioclimatic variables, and projected this model into the current and 

past (Last Interglacial and Last Glacial Maximum) climate scenarios. Combined results allowed 

inferring multiple glacial refugia during the Last Glacial Maximum and more ancient refugia in the 

Last Interglacial, restricted to the north of the Iberian Peninsula. This is the first attempt to infer the 

evolutionary history of this newly delimited species, whose restricted distribution and vulnerable 

aquatic habitat might make it subject of conservation concern.

KEY WORDS: phylogeography, nucleotide diversity, species distribution modelling, Neomys 

anomalus, Iberian Peninsula, endemism

INTRODUCTION

Evolutionary processes drive intraspecific phylogeographic patterns, making the interface between 

genetic and geographic structure a key tool to detect past glacial refugia (Avise et al., 1987; Avise, 

2000), study the diversification of lineages in a geographic space (Lansman et al., 1983), interpret 

genetic data in a spatial context (Avise et al., 1987; Avise, 1989, 2000) and, finally, understand the 

evolutionary history of species. Moreover, evolutionary histories become especially interesting in 

endemic species due to their uniqueness from a conservation perspective (Myers et al., 2000).

During the Quaternary glaciations, and particularly the Last Glacial Maximum, worldwide ice-sheets 

reached considerable high volumes (Yokoyama et al., 2000), reducing or making disappear species 

habitats within the Paleartic region. Populations that were able to resist these disadvantageous 

climate conditions remained isolated in glacial refugia during thousands of years, giving rise to 
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new lineages that colonized the Paleartic region during the Holocene. Therefore, glacial refugia 

are known to have preserved a large proportion of intraspecific diversity whose identification is 

essential to infer the evolutionary history of species (Petit et al., 2003; Provan & Bennett, 2008; Clark 

et al., 2009).

The Iberian Peninsula was one of the most important glacial refugia in Europe during the Pleistocene 

(Hewitt, 1999, 2000). This is mainly because this region harbours a wide range of different climates 

and habitats in a relatively small region (Gómez & Lunt, 2007). This explains the large amount of 

species that remained isolated during the Last Glacial Maximum in the Iberian Peninsula, giving rise 

to a large number of endemisms (Gómez-Campo et al., 1984). The current distributions of these 

species is consistent with long periods of isolation in several locations, followed by several postglacial 

dispersal events. This plausible scenario of multiple glacial refugia within the Iberian Peninsula and 

other south European peninsulas, called “refugia-within-refugia” (Gómez & Lunt, 2007), has opened 

a promising path to perform comparative phylogeographic studies aiming to reveal common refugia 

and postglacial dispersal patterns. Although this scenario has been confirmed for several Iberian 

endemics (Consuegra et al., 2002; Martínez-Solano et al., 2006; Gonçalves et al., 2009; Stamatis 

et al., 2009; Igea et al., 2013; Barbosa et al., 2016), there are still many of these species whose 

evolutionary patterns remain unknown.

The Mediterranean water shrew (Neomys anomalus) is a small semi-aquatic mammal belonging to 

the family Soricidae. It inhabits riverine ecosystems although it is also able to reach locations far from 

riverbanks (Rychlik, 1997). They have several morphological adaptations to aquatic environment 

such as large hind feet and the presence of short stark hairs in the tail and along the side of their 

toes, which are used to improve their swimming capacity (Krystufek et al., 2000). They additionally 

have a short snout to look for food in the river environment (Rychlik, 1997).

This species used to be considered as the subspecies Neomys anomalus anomalus, but a recent 

genetic species delimitation study on the genus considered that it deserved species status, 

separated from N. milleri, of mainly European distribution (Igea et al., 2015). This study dated the 

split between N. milleri and N. anomalus at 0.4 Myr ago. N. anomalus is then endemic to the Iberian 

Peninsula, inhabiting its northern half and two isolated patches in the southern half (Ventura, 2007). 

Although it is considered as Least Concern by the IUCN, its fragmented and reduced distribution 

makes it susceptible to local extinctions (Hutterer et al., 2008). Despite the importance of this shrew 

for the Iberian fauna, there are no previous studies about its evolutionary history. Being a semi-

aquatic species, its study becomes more challenging, because factors such as the structure of river 

networks could play an important role in shaping its genetic structure (Vignieri, 2005; Furlan et al., 

2013; Igea et al., 2013; Byrne et al., 2015, Querejeta et al., in press).

In this work, we aim to study the evolutionary history of the Mediterranean water shrew and infer 
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the main potential glacial refugia for this species. Our main questions are: 1) Is the genetic structure 

of N. anomalus correlated with geography and did river basins play a role in shaping this genetic 

structure? 2) Is there a structure in the genetic diversity of this species? 3) What are the potential 

refugia during the Last Glacial Maximum and, also, in the Last Interglacial?. To achieve these aims, 

we combined a phylogeographic and genetic diversity approach together with a species distribution 

modelling, as the combination of these techniques can provide a better picture of the potential 

evolutionary scenarios (Guisan & Zimmermann, 2000) (Graham et al., 2004) (Willerslev et al., 2007). 

 

MATERIAL AND METHODS

SAMPLING, DNA EXTRACTION AND AMPLIFICATION

We used 133 samples of Neomys anomalus from across most of its distribution range (Table_S1). A 

total of 126 samples were obtained from excrements that water shrews deposit on emerged rocks 

of rivers (Igea et al., 2015). One sample was obtained from the Mammals collections of the Estación 

Biológica de Doñana (EBD, CSIC). The sampling was complemented with 6 additional samples from 

a previous study (Igea et al., 2015).

DNA was extracted using DNEasy Blood and Tissue Kit from QIAGEN, following the manufacturer’s 

instructions with the exception that the elution volume was 50 µl.

We then sequenced 752 bp of the mitochondrial cytochrome b gene using primers from a previous 

study (Igea et al., 2015). In addition, we designed forward and reversed primers to sequence a 

mitochondrial D-loop fragment of 500 bp with the help of Primer3Plus (Untergasser et al., 2007). 

The primers used were: ATCAACACCCAAAGCTGATATTCTA and TTAATGTGCCTTGTCCGATT. Due 

to the complexity of the D-loop, which showed several repeat regions, the fragment was trimmed 

to a 272 bp fragment, from position 128 to 400, which was common to all the sequences. PCR 

conditions to amplify both genes were as in Igea et al. (Igea et al., 2015). PCR products were 

checked in an agarose gel and purified using ExoSAP-IT. They were then sequenced in Macrogen 

Inc (Seoul, South Korea).

The sequences obtained were edited and assembled with Genious Pro (Biomatters Ltd). MAFFT 

v7.130b (Katoh et al., 2002) was used to produce an alignment for the D-loop fragment, choosing 

the FFT-NS-i strategy (iterative refinement method). Gap positions within this D-loop alignment were 

eliminated using Gblocks (Castresana, 2000). Finally, both the cytochrome b and D-loop alignments 

were concatenated.

SUBSTITUTION MODEL SELECTION AND PHYLOGENETIC ANALYSES

Before performing the phylogenetic analyses, we chose the best partition and substitution model 

scheme for the concatenated genes using the software PartitionFinder version 1.1.1 (Lanfear et al., 
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2012) with the options for RaxML (Stamatakis, 2006) and BEAST (Drummond & Rambaut, 2007). 

We defined four possible partitions: one for each codon position of the cytochrome b fragment 

and a fourth one for the D-loop fragment. We selected the Bayesian Information Criterion, branch 

lengths linked and all partition schemes analysed. In the case of BEAST, PartitionFinder defined 

four partitions: K80+I was selected for the first codon position of cytochrome b, HKY for the second 

position, HKY+G for the third positions and HKY+I+G for the D-loop. For RaxML, three partitions 

were defined: GTR+G for the first and second codon positions, GTR+G for the third codon position 

and GTR+I+G for the D-loop.

A maximum-likelihood tree was generated with RaxML (Stamatakis, 2006), using  the three partitions 

defined by PartitionFinder. Since RaxML uses a single model for all partitions, we selected GTR+I+G, 

but the same result was obtained with GTR+G (not shown).

A Bayesian inference phylogenetic tree was conducted using BEAST v1.8.4. (Drummond & 

Rambaut, 2007). The substitutions models selected by PartitionFinder and a strict molecular clock 

were applied to each of the four partitions. The analysis was based on three independent Markov 

Chain Monte Carlo runs of 10,000,000 generations sampled every 1,000 generations. Convergence 

and mixing of each run was checked by means of Tracer v.1.6. (Rambaut et al., 2014). The three 

runs converged to similar posterior estimates and their parameters and trees were combined with 

LogCombiner v1.8.4. (part of BEAST package), after removing 1,000,000 generations as burning in 

each run. Finally, we calculated a summary tree as the maximum clade credibility tree with median 

node heights using TreeAnnotator v.1.8.4. (also included in BEAST package).

EXPLORING GENETIC DIVERSITY

We computed, in each sampling point, the values of nucleotide diversity (π) for all samples in a 

radius of 75 km around it, using the alignment of cytochrome b and the sample coordinates (Igea 

et al., 2013). We then used an inverse distance weighted spatial interpolation to estimate the values 

of the nucleotide diversity (π) in a grid of 1x1 km of the distribution range. To do this, we used the 

function idw of the R package GSTAT (Pebesma et al., 2016). The obtained raster layer with the 

surface interpolated was superimposed on a map of the distribution range of N. anomalus. This 

procedure was repeated for all sequences and for the different detected clades separately.

HIERARCHICAL ANALYSIS OF THE MOLECULAR VARIANCE (AMOVA)

We performed a one-way hierarchical analysis of the molecular variance (AMOVA) to shed light on 

which amount of variability within the Mediterranean water shrew can be explained by river basins.  

We first computed a matrix of pairwise phylogenetic distances of the complete sequences based on 

the maximum-likelihood tree, using the function cophenetic.phylo from the R package ape (Paradis 

et al., 2004). The river basins were treated as a unique factor and the AMOVA was performed using 

the R package pegas (Paradis, 2010).
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SPECIES DISTRIBUTION MODELLING FOR Neomys anomalus

We compiled an occurrence dataset from the Global Biodiversity Information Facility (Flemons et 

al., 2007) within its recently delimited distribution (Igea et al., 2015) and, also, the sampling obtained 

for this study. The initial dataset had 911 georreferenced occurrence localities. To avoid biases, we 

selected one sample for each 1x1 km grid cell (Veloz, 2009; Anderson, 2012; Hijmans, 2012) using 

the function gridSample from the R package RASTER (Hijmans & Van Etten, 2014). After the filtering 

process, the final occurrence dataset contained 858 presences.

The environmental data was obtained from WorldClim 1.4 (Hijmans et al., 2006), using a resolution of 

2.5 arc-minutes, for both current and past data (Last Glacial Maximum and Last Interglacial). Three 

different general atmospheric circulation models of the Last Glacial Maximum were used: CCSM, 

MIROC and MSPI. All the layers were cropped to the extent of the Iberian Peninsula (35.95833, 

43.95833, -9.708333, 3.625) using the R package RASTER (Hijmans & Van Etten, 2014). From the 

19 bioclimatic variables and the altitude layer also available in WorldClim 1.4 (Hijmans et al., 2006), 

a selection was performed to reduce the multivariate complexity and avoid correlated variables. For 

this purpose, we computed the Pearson’s correlation matrix between all the bioclimatic variables 

(Dormann et al. 2007; Dormann et al. 2013) and a cladogram from this matrix using the function 

hclust of the R package STATS (Hijmans & van Etten, 2014). A total of 11 bioclimatic variables 

with a correlation lower than 0.8 were included in the models: Annual Mean Temperature (BIO1), 

Mean Diurnal Range (BIO2), Isothermality (BIO3), Minimum Temperature of Coldest Month (BIO6), 

Temperature Annual Range (BIO7), Mean Temperature of Wettest Quarter (BIO8), Mean Temperature 

of Driest Quarter (BIO9), Mean Temperature of Warmest Quarter (BIO10), Precipitation of Wettest 

Month (BIO13), Precipitation of Driest Month (BIO14) and Precipitation Seasonality (BIO15).

We generated the species distribution model using the maximum entropy algorithm implemented in 

Maxent 3.3.3k (Phillips et al., 2012). The model was replicated 50 times, selecting training and test 

samples randomly. Other settings were left as default. We then chose the area under the curve (AUC) 

of the receiver operating characteristics as evaluator. The average model obtained was projected 

onto the past climate conditions (Last Glacial Maximum and Last Interglacial). To show a consensus 

of the three Last Glacial Maximum projections, the output of each atmospheric circulation model 

was set to logistic and we created a binary layer using the 10th percentile of the value of each model. 

Finally, the consensus of the three binary layers was obtained using the Raster Calculator tool 

included in the software Quantum GIS (QGIS) version 2.0.1 (QGIS Development Team, 2009). Since 

the use of a standard 10th percentile to generate the consensus (Garcia-Porta et al., 2012; Valbuena-

Ureña et al., 2013) generated an optimal distribution covering most of the studied area (not shown), 

we also obtained a more restricted projection that would be more informative at the scale of the 

Iberian Peninsula, using the 90th percentile.

Assuming that high genetic diversity and Last Glacial Maximum optimal habitat areas are consistent 

with location of potential glacial refugia, we inferred the location of the glacial refugia for Neomys 
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anomalus. To do this, we first extracted the 90th percentile values of each atmospheric circulation 

model (CCSM, MIROC and MSPI) and we produced a raster with this value for each of these 

models. Then, we summed the three raster layers up in one binary layer using the Raster Calculator 

tool in Quantum GIS (QGIS) version 2.0.1. (QGIS Development Team, 2009). This binary layers has 

4 values: 0 for areas where there was no 90th percentile projection for the LGM and 1, 2 and 3, for 

areas where one, two and 3 of the 90th projections was present, respectively. The areas with value 

3 would be the ones with the highest probability of being the most optimal habitat for N. anomalus 

in the LGM. Moreover, we overlapped these areas of value 3 and another polygon shapefile with 

areas of high nucleotide diversity An intersection was obtained when we selected a threshold of 

nucleotide diversity. An intersection was obtained when we selected a threshold of nucleotide 

diversity of of 0.0075. Finally, we intersected both shapefiles, assuming these intersected areas to 

be the ones with highest probability to have been a glacial refugia.

RESULTS

PHYLOGENETIC ANALYSES

Both the maximum-likelihood (Figure 1A) and the Bayesian inference (Figure 1B) trees performed 

with the concatenated sequences showed two main phylogroups, A and B, highly correlated with 

geographic structure (Figure 1C). Two contact zones can be detected in the map between both 

phylogroups, one located in the Cantabrian Mountains and the other in the Central System (Figure 
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Clade B
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A
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Clade B
B
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1A), both presenting some spatial mixing between the clades. The level of mixing in the contact 

zone is higher in the Cantabrian Mountains. 

GENETIC DIVERSITY

Three plots of the interpolated nucleotide diversity showed strong differences in genetic diversity 

within the distribution range, with the areas of highest genetic diversity located in the north of the 

Iberian Peninsula (Figure 2). The highest value of nucleotide diversity was 0.0092 and the lowest 

value was 0.0027. When clades A and B were analysed separately, spots of high genetic diversity 

were also detected in the northern area (Figure S1). 

The one-way AMOVA using the 10 river basins as a factor (Table S1) showed that only 13 % of the 

genetic variation was due to isolation by river basins (Table S2).

SPECIES DISTRIBUTION MODELLING

The average model calibrated with current occurrences of Neomys anomalus showed an AUC value 

of 0.841 with a mean standard deviation of 0.004, indicating a good performance of the model 

(Elith, 2000). The bioclimatic variables Annual Mean Temperature (BIO1) and Mean Temperature 

of Warmest Quarter (BIO10) showed the highest contribution to the SDM, with 45.3% and 21.9%, 

respectively. The current potential distribution matches the actual distribution, except that the 

southeastern area shows a low potential distribution (Figure S2A).

The prediction map for the Last Interglacial (Figure 3A) shows a potential distribution restricted to 
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Figure 1. Phylogeography of the Mediterranean water shrew. A) Maximum likelihood phylogenetic tree showing clades A and 
B. B) Bayesian Inference phylogenetic tree showing the two clades. C) Map showing the geographic structure of the species
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the north of the Iberian Peninsula. In contrast, in the Last Glacial Maximum, the optimal surface 

increases substantially for the three climatic scenarios (Figure S2B), even when using the 10% 

percentile for generating the consensus of the three circulation models (Figure 3B). This layer shows 

main regions, one in the northwestern region of the Iberian Peninsula and another one in the Central 

i ure 

Figure 2. Interpolation of the nucleotide diversity using the inverse distance weight (IDW) method. This figure shows spots 
of high and low genetic diversity within the distribution of the Mediterranean water shrew.

Figure 3. A) Projection of the SDM to the Last Interglacial. B) Assembly binary layer of the three atmospheric circulation 
models for the projection to the Last Glacial Maximum, using the 90th percentile model values.

-8 -6 -4 -2 0 2

34
36

38
40

42
44

46

0.2

0.4

0.6

0.8

-8 -6 -4 -2 0 2

34
36

38
40

42
44

46

0.0

0.5

1.0

1.5

2.0

2.5

3.0

A B

i ure 

-8 -6 -4 -2 0 2

34
36

38
40

42
44

46

0.2

0.4

0.6

0.8

-8 -6 -4 -2 0 2

34
36

38
40

42
44

46

0.0

0.5

1.0

1.5

2.0

2.5

3.0

A B

i ure 

-8 -6 -4 -2 0 2

34
36

38
40

42
44

46

0.2

0.4

0.6

0.8

-8 -6 -4 -2 0 2

34
36

38
40

42
44

46

0.0

0.5

1.0

1.5

2.0

2.5

3.0

A B

i ure 

 102



System and the Central Plateau.

INFERENCE OF GLACIAL REFUGIA

The intersection of the polygons of the outline of the genetic diversity and the optimal regions 

resulted in regions located in the northwestern region and the Central Plateau (Figure 4). 

Figure 4. Intersection 
(red) between the area 
of the highest nucleotide 
diversity (blue) and the 
area with the highest 
probability of being 
the optimal region for 
N.anomalus in the Last 
Glacial Maximum.

DISCUSSION

INTRASPECIFIC PHYLOGEOGRAPHY OF THE MEDITERRANEAN WATER SHREW (Neomys 

anomalus)

This study is the first attempt to explain the glacial history of this endemic mammal from the Iberian 

Peninsula after it was recently described as a species separated from N. milleri (Igea et al., 2015).

Regarding the intraspecific phylogeography, the two main phylogroups detected, A and B, are mainly 

allopatric (Fig.1). The two main contact zones between these clades, situated in the Cantabrian 

Mountains and the Central System, respectively, are well defined, although there is spatial mixing in 

some localities of both clades. For instance, the phylogroups A and B coexist in the same area of 

Picos de Europa in the Cantabrian Mountains, which is consistent with the high nucleotide diversity 

in that area (Fig. 2). However, when both clades A and B were analysed separately, they also showed 

a high diversity region in this Cantabrian Mountains region, meaning that the contact zone is not 

the only reason of this high diversity. Interestingly, this region was an optimal habitat for Neomys 

anomalus in the Last Interglacial, which is consistent with the continuous existence of the species 

for a long period of time and the high genetic diversity observed in this area. In contrast, the contact 

zone in the Central System has low levels of genetic diversity, indicating that N. anomalus could 

have more recently colonized this region.

Although the Mediterranean water shrew shows semi-aquatic habits and is associated to riparian 

resulted in regions located in the northwestern region and the Central Plateau (Figure 4). 
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ecosystems, there is a low contribution of the river basins to its genetic structure (13%) according 

to the one-way AMOVA performed. This result suggests that this species is able to move, disperse 

and expand its populations overland. That is, although the species uses the riverine habitat to feed 

or perform short dispersals, long-distance overland dispersals must have occurred to explain the 

AMOVA. 

The data from different endemic species and the comparison of the phylogeography of these 

species may lead to new perspectives to understand the origin of Iberian fauna (Consuegra et al., 

2002; Martínez-Solano et al., 2006; Gonçalves et al., 2009; Stamatis et al., 2009; Igea et al., 2015; 

Barbosa et al., 2016). In this sense, there is a considerable correspondence of the contact zones 

between the two mitochondrial clades of N. anomalus that we show here and the ones described 

for the Pyrenean desman (Galemys pyrenaicus), another semi-aquatic mammal endemic to the 

Iberian Peninsula. In the Pyrenean desman , the mitochondrial phylogenetic tree revealed also two 

major clades and two contact zones between them (Igea et al. 2013). One of the contact zones is 

situated in the Cantabrian Mountains, in a very similar position to that of N. anomalus. The other 

one is in the Iberian System, to the north of the equivalent contact zone in N. anomalus. In the case 

of G. pyrenaicus, both contact zones are stricter, with basically no spatial mixing between clades. 

Therefore, it seems that glacial cycles have exerted similar effects into two these semi-aquatic 

habitats. However, the differences in the degree of mixing that takes places in the contact zones of 

the two species may be due to the different dispersal patterns, with G. pyrenaicus having a more 

reduced dispersal potential than N. anomalus.

GLACIAL REFUGIA

The species distribution models are consistent in showing the northwestern area of the Iberian 

Peninsula as an optimal habitat for N. anomalus during the Last Interglacial and the Last Glacial 

Maximum. Also, this region overlaps with the area of highest genetic diversity and therefore this 

area can be considered as the main potential glacial refugium during the Last Glacial Maximum. 

There is another optimal area situated in the Central Plateau, which could have also harboured a 

refugium. Other areas with either high genetic diversity or optimal habitat during the Last Glacial 

Maximum cannot be discarded, although the scenarios to explain them may be more complex. 

The existence of areas of high genetic diversity without being optimal habitats during the glaciation 

could be due to recent migration of haplotypes to these areas. On the other hand, potential refugia 

according to the species distribution models that do not currently have high genetic diversity may 

have corresponded to minor refugia.

After the split of N. anomalus and N. milleri 0.40 Myr ago (Igea et al., 2015), N. anomalus may have 

become isolated likely in the northwestern region of the Iberian Peninsula, as suggested by the large 

optimal area in the Last Interglacial projection (Fig.3). Then, the existence of at least two potential 

glacial refugia during the Last Glacial Maximum could have differentiated clades A and B. The 

occidental refugium would have been the most important one for the species. The position of this 

refugium in the occidental area, far from the distribution of N. milleri, gives further support to the 
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large period of isolation of these two species (Igea et al. 2015).

CONSERVATION IMPLICATIONS

In this study, we inferred the evolutionary history of the Mediterranean water shrew, whose current 

conservation status is Least Concern by the IUCN (Hutterer et al., 2008). However, this evaluation 

was performed for the European distribution of both N. anomalus and N. milleri. Also, it is known 

that riverine ecosystems and wetland areas are decreasing due to human activities and climate 

change, making its distribution range much more fragmented than it used to be, (Hutterer et al., 

2008). Thus, the results from this study, which gives further support to the species status of N. 

anomalus, reinforce the need to improve the knowledge of the populations of this endemic shrew 

and eventually reassess its conservation status.
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SUPPORTING INFORMATION

EVOLUTIONARY HISTORY OF THE ENDEMIC MEDITERRANEAN WATER SHREW (Neomys 

anomalus): GLACIAL REFUGIA WITHIN THE IBERIAN PENINSULA

Marina Querejeta & Jose Castresana

Table S1. Samples 
used in this study, 
including those also 
used in a previous 
study.
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Table S2. Analysis of Molecular Variance (AMOVA) for the phylogenetic distances between Mediterranean water shrews 
inhabiting isolated river basins and within desmans inhabiting isolated river basins. (*** means significant p-value).

Figure S1. A) Interpolation of the nucleotide diversity for clade A. B) Interpolation of the nucleotide diversity for clade B.

% is the percentage of variance explained by the isolation of river basins.

A B

Figure S . A) nterpolation of the nucleotide di ersit  for clade A. B) nterpolation of the
nucleotide di ersit  for clade B.

A B

Figure S . A) nterpolation of the nucleotide di ersit  for clade A. B) nterpolation of the
nucleotide di ersit  for clade B.
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A

B CCSM MIROC MSPI

Current climate scenario

Figure S2. A) Projection of the species distribution model to the current climate scenario. 
B) Projections of the species distribution model to the Last Glacial Maximum, one for each
atmospheric circulation model.
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GENERAL DISCUSSION

Across the three chapters of this thesis, I have explored the evolutionary history of two Iberian 

endemic semi-aquatic mammals: the Pyrenean desman and the Mediterranean water shrew. Using 

different approaches, this work fills a gap in the knowledge of these two species. In the following 

section, I extract several generalities from the dissertation and contextualize them in a wider and 

up-to-date context, also addressing potential future research.

EVOLUTIONARY GENOMICS AS A CONSERVATION TOOL FOR 
ENDANGERED SPECIES

As stated before, the Pyrenean desman is endangered and its populations are known to have 

experienced a strong decline in the last few decades (Fernandes et al., 2011). Although the 

phylogeographic structure of this mammal was previously studied using mitochondrial data (Igea et 

al., 2013), more genetic markers were needed to understand its genetic structure. That is the reason 

why, in Chapter 1, we performed a population genomics study of this species with the objective 

of understanding the evolutionary history of this interesting mammal and helping to preserve it by 

quantifying levels of genetic variation and delimiting preliminary conservation units.

The estimation of individual heterozygosity rate is an indicator for genetic diversity. This parameter 

has been estimated in several studies regarding endangered species, such as the giant panda 

(Ailuropoda melanoleuca) (Li et al., 2010), the Amur tiger (Panthera tigris altaica) (Cho et al., 2013) , 

the Channel Island fox (Urocyon littoralis) (Robinson et al., 2016) or the Iberian lynx (Lynx pardinus) 

(Abascal et al., 2016). In Chapter 1, we estimated this rate for the Pyrenean desman, finding 
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extremely low levels of heterozygosity (a mean of 246 heterozygous position per million bases). 

These rates are similar to the ones for the Channel Island fox, a species with a smaller distribution 

range and population size than the Pyrenean desman, taking into account that species with small 

population sizes are known to present low genetic diversity levels (Frankham, 1996) and might 

indicate a risk of extinction (Reed & Frankham, 2003). Within the Iberian Peninsula, the lowest levels 

of the heterozygosity were found in the Pyrenees, in agreement with the low levels of mitochondrial 

genetic diversity found in previous studies (Igea et al., 2013; Gillet et al., 2014). These low levels 

were possibly due to postglacial colonization after a bottleneck and a long isolation period in the 

glacial refugia. With regard to conservation, the populations in this area are known to be declining 

and some of them remain in isolated valleys, increasing the risk of a local extinction. Thus, regular 

monitoring of the populations in the Pyrenees would be crucial as, due to the possible existence of 

inbreeding depression, these populations may show deterioration of fitness traits such as growth, 

survival and fecundity (Gall, 1987; Leberg & others, 1990).

The genomic population analyses of the Pyrenean desman allowed us to obtain a large number of 

variable markers to shed light on the geographical structure of this small mammal. The principal 

component analysis, the genomic tree and the Structure analysis agree in delimiting five different 

genetic clades correlated with the geographic structure, showing low levels of admixture. These 

clades or evolutionary pounits should be taken into account in conservation planning. The number 

of samples that could be studied was small, especially in the Central System and the Cantabrian 

Mountains, and therefore further studies will be necessary to corroborate these clades. The number of 

clades found in Chapter 1 differ from the four clades revealed by the mitochondrial phylogeography 

of the Pyrenean desman (Igea et al., 2013) but the overall structure detected in both studies was 

similar. Although the Pyrenean desman is a riverine mammal, the geographical clades do not 

correspond with isolated river basins but rather with mountain ranges. This is consistent with the 

results of Chapter 2, which suggest that the isolated river basins are responsible for 53.8% of the 

genetic structure and, thus, the desmans were not completely isolated in the basins; consequently 

they must have dispersed overland from basin to basin during Holocene. Hence, the preservation 

and restoration of terrestrial corridors between the basins is as important as preserving the riverine 

ecosystems.

Genomic studies require high concentrations and high quantities of starting DNA. This is a problem for 

endangered species as usually the sampling is scarce for them. Thus, optimizing genomic protocols 

for low DNA starting quantities is necessary. In Chapter 1, aside from studying the population 

structure of the Pyrenean desman using genomic markers, we also modified and optimized an 

existing genomic protocol of library preparation by the ddRAD technique (Peterson et al., 2012), 

which can also be applied to other species. 

We suggest that our findings regarding the genomic structure of the Pyrenean desman should 

be taken into account in future conservation programmes. Moreover, we believe that our efforts 
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may have opened a promising path to perform studies applying the same methodology to other 

endangered mammals.

DISPERSAL PATTERNS IN SEMI-AQUATIC MAMMALS

Semi-aquatic mammals live at the interface between aquatic and terrestrial environments and, from 

an ecological perspective, it is interesting to study their dispersal patterns, determining whether 

the river network acts as a barrier or, conversely, it connects populations. Also, how the river 

network affects these dispersal patterns and, consequently, the genetic structure, is interesting 

from evolutionary and ecological perspectives. In Chapter 2, we inferred dispersal patterns from 

mitochondrial genetic data, we studied the role of the river network in the genetic structure and 

the structure of genetic diversity in the north-western clade of the Pyrenean desman. The results 

of the study were unexpected, bearing in mind that the desman is known to inhabit rivers. In fact, 

both AMOVA and the isolation-by-distance approach agreed in that terrestrial dispersal was more 

important than previously believed. At least during humid periods of the Holocene, the desmans 

likely dispersed overland from basin to basin in order to colonize new territories from the glacial 

refugia (Igea et al., 2013). A previous study on the genetic structure of the Pyrenean desman also 

suggested a small influence of the river basins in the genetic structure for the whole distribution 

(Igea et al., 2013). These conclusions could mean that the Pyrenean desman is able to use terrestrial 

corridors to disperse. Thus, it would be advantageous for its conservation to restore and preserve 

terrestrial corridors within its distribution range.  

In the comparison of the Pyrenean desman with other semi-aquatic mammals, it is interesting to 

remark the similarities found so far. For instance, in Chapter 3, the phylogeographic study of the 

Mediterranean water shrew showed that only a 13% of the genetic structure could be explained 

by the structuration of populations in river basins. In this case, the importance of the river network 

is even smaller than for the Pyrenean desman, meaning that they must have dispersed overland to 

colonize their current distribution range and that these shrews are not so closely dependent on the 

aquatic environments, as expected. The case of the Mediterranean water shrew is not the only one 

(Vignieri, 2005; Furlan et al., 2013; Byrne et al., 2015). For instance, in the platypus (Ornithorhynchus 

anatinus), a semi-aquatic mammal with similar ecological requirements in Australia to the desman 

in the Iberian Peninsula, river basins play a role in shaping the genetic structure, but the isolation is 

not complete, so they also combine overland dispersal with river dispersal, depending on ecological 

factors (Furlan et al., 2013). There is another semi-aquatic mammal, the capybara (Hydrochoerus 

hydrochaeris), which is an herbivorous rodent that inhabits large regions of South America. The 

genetic structure of the capybara in some regions of Venezuela and Argentina is not affected by 

the structure of the river network, meaning that they also disperse overland in some regions (Byrne 

et al., 2015). In conclusion, semi-aquatic mammals are always influenced in some way by aquatic 

environments but their relative importance is not always as high as previously thought. In fact, 

most studies reveal a strong component of overland dispersal that could be due to many reasons, 

  117 



especially the need to colonize new basins. However, there are still many semi-aquatic mammals for 

which the dispersal patterns have not been studied. This work opens a promising avenue of study 

by comparing and extracting generalities on dispersal behaviour as more semi-aquatic species are 

studied.

EVOLUTIONARY HISTORIES WITHIN THE IBERIAN PENINSULA

Intraspecific phylogeographies are essential in ecology and evolution as they reveal fine-scale 

patterns and provide crucial information for efficient conservation planning (Avise et al., 1987). 

Especially, the Iberian Peninsula is an interesting model to study evolutionary histories as it has 

a large amount of endemisms. This is because the wide range of climates and habitats that were 

present in the Iberian Peninsula during the Last Glacial Maximum, making this region optimal for 

species to take shelter during this glaciation (Gómez-Campo et al., 1984; Gómez & Lunt, 2007). The 

three chapters of this thesis deal with intraspecific patterns of Iberian species. 

In Chapter 3, we present the first phylogeography of the Mediterranean water shrew since it was 

delimited as a species (Igea et al., 2015). As stated before, its genetic structure is divided into two 

main clades correlated with the geography, showing two contact zones, one in the Cantabrian 

Mountains and another one in the Central System, with the clades mainly allopatric and with low 

levels of spatial mixing. A main glacial refugium in the occidental region was inferred, according 

to the projection of the species distribution modelling to the Last Glacial Maximum and to the 

structure of genetic diversity. In the Pyrenean desman (Igea et al., 2013), there are also two main 

clades but in this case these clades could be subdivided into two subclades each, meaning that 

this species is more genetically structured than the Mediterranean water shrew. The contact zones 

coincide approximately with the ones described in the shrew, but in the desman, the mixing in the 

mitochondrial phylogeography is almost non-existent and the clades are more clearly allopatric. 

The Cantabrian contact zone of the Pyrenean desman is described in Chapter 2, showing that 

only two tributaries exhibit mixing of individuals of the two main clades. In the genomic approach 

of Chapter 1 we delimited five genomic clades and described a slightly higher level of mixing 

thanks to the use of additional markers. Regarding the glacial refugia, four different ones were 

inferred in the mitochondrial study (Igea et al., 2013), but five were suggested in Chapter 1 of this 

thesis. These discordances between mitochondrial and genomic inferences are not rare in wild 

populations (Springer et al., 2001; Toews & Brelsford, 2012). In any case, postglacial colonization 

routes are different for both Iberian mammals but both are consistent with the “refugia within refugia” 

hypothesis (Gómez & Lunt, 2007). The Iberian Peninsula is known to have harboured a large number 

of species during the Last Glacial Maximum together with other south European Peninsulas, such 

as the Italian Peninsula or the Balcans. These large refugia are known to have had many small 

refugia (Gómez-Campo et al., 1984; Gómez & Lunt, 2007). The cases of the Pyrenean desman and 

the Mediterranean water shrew are not isolated; there are several species whose glacial refugia 
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were inside the Iberian Peninsula, such as the European hare (Lepus europeaus) (Stamatis et al., 

2009) or the beetle Timarcha (Gómez-Zurita et al., 2000).

The populations of Mediterranean water shrew are known to be decreasing (Hutterer et al., 2008). 

This, together, with the new species status suggests that further studies should be undertaken to 

specifically reassess its conservation status, as several populations could be under threat.

FUTURE RESEARCH

Although this thesis fills several gaps of knowledge regarding two Iberian endemisms, there is still 

much additional research that would be necessary. For instance, the development of genomic 

protocols for non-invasive samples would be advantageous, as these species are extremely difficult 

to live-trap, especially the Pyrenean desman. Moreover, a genomic analysis of dispersal patterns 

would be essential, as more markers could give information from a fine-scale perspective. Also, 

a species distribution modelling projected into the future could give insights into the future of the 

species and could give essential information for conservation programmes.

Regarding the Mediterranean water shrew, a genomic population analysis to delimit evolutionary 

units could be an interesting project. The inference of dispersal patterns and a comparative 

phylogeographic study with the Pyrenean desman would also be of great interest.
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1. A genomic protocol (ddRAD) was modified and optimized for working with low amounts of 

starting material for the endangered Pyrenean desman. The quality of the genomic library was 

evaluated, revealing that this protocol produced reliable and consistent information that can 

potentially be applied to other case studies in non-model species. (Chapter 1)

2. The sex determination in the Pyrenean desman revealed equal numbers of males and females, 

indicating no sex bias in the sampling. (Chapter 1)

3. The individual heterozygosity rate was extremely low in the Pyrenean desman in comparison 

with other mammals. The lowest rate was located in the Pyrenees, being consistent with the 

lowest levels of genetic diversity in this area. (Chapter 1)

4. The genomic analyses performed, principal component analysis, genomic tree and Structure 

analysis, agreed with the existence of five geographically structured clades coinciding with 

main mountain ranges. These clades should in principle be considered as conservation units. 

(Chapter 1)

5. The delimitation of conservation units should be included in future conservation planning 

involving the Pyrenean desman. (Chapter 1)

6. The contact zone between clades A and B of the Pyrenean desman located in the Cantabrian 

Mountains has been clearly delimited, showing spatial mixing only in two tributaries, Curueño 

and Porma, despite no apparent physical barrier between these two clades. (Chapter 2)

7. Regarding the structure of genetic diversity in the northwestern area of the distribution range of 

the Pyrenean desman, there are spots of high diversity in the middle of the distribution of clade 

A1, in the Duero basin, coinciding with areas of potential distribution during the Last Glacial 

Maximum. This is consistent with the location of a glacial refugium in this area. (Chapter 2)

8. There are spots of low diversity in the in the Cantabrian Mountains and in the Ulla basin, which 

could be due to a recent colonization of these areas. (Chapter 2)

CONCLUSIONS
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9. A total of 53.8% of the genetic structure of the clade A1 of the Pyrenean desman can be 

explained by the isolation in river basins. This means that desmans had to disperse overland 

between basins at some point during their evolutionary history. (Chapter 2)

10. Concerning the relative importance of the dispersal patterns for the whole clade A1 of the 

Pyrenean desman, it is suggested that they had an important component of overland dispersal 

during the Holocene. The same pattern was revealed for large basins (Duero basin). In contrast, 

for small basins and, probably, recent dispersal, important patterns of both overland and river 

dispersal were observed. (Chapter 2)

11. Preserving and restoring riverine ecosystems is of great importance for the Pyrenean desman 

but, due to the importance of overland dispersal, terrestrial corridors should also be  an objective 

for preservation and restoration. (Chapter 2)

12. The genetic structure of the Mediterranean water shrew is divided into two mitochondrial clades, 

A and B, strongly correlated with geographic structure. The clades are mainly allopatric, with a 

small degree of mixing in the two contact zones detected in the Cantabrian Mountains and the 

Central System, respectively. (Chapter 3)

13. Only 13% of the genetic structure of the Mediterranean water shrew can be explained by the 

isolation of the shrews in river basins, suggesting overland dispersal from basin to basin and a 

weak relationship to riverine ecosystems. (Chapter 3)

14. The spots of high nucleotide diversity and the species distribution model suggest the existence 

of the main glacial refugium during the Last Glacial Maximum in the north-western area of the 

distribution range. (Chapter 3)

15. The new species status of the Mediterranean water shrew is further supported with these results 

and argues the need for further studies to reassess the conservation status of this species. 

(Chapter 3)
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ANNEX
Acceptance letter of the paper: Postglacial dispersal patterns and 
mitochondrial genetic structure of the Pyrenean desman (Galemys 
pyrenaicus) in the north-western region of the Iberian Peninsula.
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