o
Y

\)
b

i

N

=

UNIVERSITAT s

BARCELONA

Evolutionary history of two Iberian
Soricomorpha: genomics, phylogeography
and dispersal patterns

Historia evolutiva de dos soricomorfos ibéricos: gendmica,
filogeografiay patrones de dispersion

Marina Querejeta Coma

©0cle

Aquesta tesi doctoral esta subjecta a la llicencia Reconeixement- NoComercial —
SenseObraDerivada 3.0. Espanya de Creative Commons.

Esta tesis doctoral esta sujeta a la licencia _Reconocimiento - NoComercial — SinObraDerivada
3.0. Espafia de Creative Commons.

This doctoral thesis is licensed under the Creative Commons_Attribution-NonCommercial-
NoDerivs 3.0. Spain License.




genomlcs phylogeography and
dispersal patterns

Marina Querejeta Coma






Front cover: Virginia Gutiérrez Rio
Graphic design: Laia Vinsac

Barcelona 2017






“Nature is not a place to visit. It is home.”
Gary Snyder
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OBJECTIVES

The lIberian 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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“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).

Figure 1. Aldo Leopold
cataloguing birds. Photo Credit:
The Aldo Leopold Foundation.
https://www.aldoleopold.org
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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,



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 Il (See Chapter 1).

5 e o ==  Size selection
Whole Genome e e
of DNA Fragments after double DNA Fragments with adapters A =
26 inviduals enzymatic restriction and B=

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, lllumina, Roche, SOLID and lon 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).



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).

Figure 3. Last glaciation
in Europe.

Photo credit: Wikimedia
Commons (user Ulamm)

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 lberian 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; Gémez & 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 (Gémez-Campo et al., 1984). Within the lberian Peninsula,
several locations consistent with multiple glacial refugia are known to have existed. This hypothetical
scenario with more than one glacial refugia within the lberian Peninsula is called “refugia within
refugia” (Gémez & 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 lberia is still a matter of debate (Feliner, 2011).



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; Martinez-Solano et al., 2006; Pinho
et al., 2007; Gongalves 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 Garzoén 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; Bartadkova 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



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 unigue 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

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

Figure 4. The Pyrenean desman (Galemys pyrenaicus). Photo Credit: Jorge Gonzalez-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; Riimke, 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)



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

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 6. Distribution range

of the Pyrenean desman.
(Nores et al., 2007)
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Figure 7. Typical habitat of the Pyrenean
desman. Photo Credit: Pablo Gonzalez

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 Gosélbez 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 & Gosalbez, 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 (Gonzéalez-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; Gonzalez-Esteban et al.,
2002).

G. pyrenaicus is polymorphic and divided into two subspecies, pyrenaicus and rufulus, although
this still matter of debate (Juckwer, 1990; Gonzalez-Esteban et al., 1999; Lépez-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



Western Region (Asturias, Galicia and Portugal), whose coloration is light brownish or reddish
(Gonzalez-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

Euroscaptor klossi
Euroscapfor malayana
Euroscaptor longirosins

TALPINAE
TALPINI
Euroscaptor

us
Euroscaptor parvidens
Euroscaptor subanura
Parascaptor leucura
Mogera insularis
Mogera kanoana
Mogera lafouchei
Mogera tokudae

TALPINI
Mogera robusta MOLES
Mogera wogura
Mogera imaizumii
Euroscapior mizura
Talpa romana
4 * Talpa stankovici
® Talpa caeca TALPINAE
Talpa levantis }'x gl
Talpa europaea
Talpa occidentalis
r Neurotrichus gibbsit
Talpa davidiana
Talpa alfaica
Talpa caucasica SCALOPINAE
Ce cristata CONDYLURINI JAPANESE
T Dymecodon pilirostris ; TALPINAE SHREW MOLES
L Urotrichus falpoide. o e Soaptonyehini
Scaplonyx fusicavdus |
Desmana moschata - TALPINAE DESMANS
Galemys pyrenaicus £ DESMANIN
* PP>0.90 it e ¥ -
¢ BP>70% i E - \}
Scapanus latimanus 5
Séaiopus aquaticus = o gg:LngmNAE s &g‘ﬁ?;'cgEEs
Parascalops brewen
Scapanuius oweni
* & — Uropsilus gracilis
. *[®L {ropsilus sp2 AMBULATORY
rp ey almiale UROPSILINAE SHREW MOLES
Uropsilus
] *
[]
Hemiechinus auritus
* ] Paraechinus hypomelas
. Lk Cmoum e
[ Atelerix algirus

005

Figure 9. Phylogenetic relationships within the family Talpidae. (Bernet Garcia-Santesmases, 2016)
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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).

Al

B1

A2

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
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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 Rio

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



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 lberian 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

.M Neamys anomalus anomalus [T
; 4 = @ Neomys anomaltus millert ]
Neomys teres [T]

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



aspects that can be essential for conservation (Frankham et al., 2002; Schwartz et al., 2007). In this
thesis, | 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 fithess 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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ABSTRACT

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 lberian 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.
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RESUMEN (IN SPANISH)

La diversidad dentro de especies es clave desde el punto de vista ecoldgico y evolutivo y, ademas,
para la conservacion. El principal objetivo de esta tesis es estudiar la historia evolutiva de dos
mamiferos ibéricos: el Desman de los Pirineos (Galemys pyrenaicus) y el Musgaio de Cabrera
(Neomys anomalus). Para ello, se han utilizado diversas metodologias, entre ellas gendmica,
filogeografia y modelos de distribuciéon de especies, a lo largo de los tres capitulos que conforman
esta tesis. En el capitulo 1, se busca estudiar la estructura genética del desman usando marcadores
gendmicos. Para ello, se optimizd un protocolo de reduccién genémica (ddRADSeq) y se
realizaron andlisis genémicos con los datos resultantes de la libreria. Los resultados revelaron una
heterozigosidad extremadamente baja y cinco clados como unidades evolutivas. Estos resultados
tienen repercusion en la conservacion de la especie. En el capitulo 2, se estudia la estructura
genética mitocondrial y los patrones de dispersion postglacial del desman en el clado nor-occidental.
Los resultados sugieren que los desmanes no estuvieron completamente aislados en las cuencas
de los rios 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 rio como por tierra. Finalmente, en el capitulo 3, se estudia la filogeografia e historia
evolutiva del Musgafio de Cabrera y se ha descubierto una estructura genética dividida en dos
clados correlacionados con la estructura geografica. Ademas, los resultados sugieren la existencia

de refugios glaciares y una compleja historia postglacial.
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Abstract The Pyrenean desman (Galemys pyrenaicus) is a
small semi-aquatic mammal endemic to the Iberian
Peninsula. The species has recently experienced a strong
decline and some of its populations are severely threatened
with extinction. To help in the preservation of this species,
it is critical to understand its genetic structure and main
evolutionary units, as these may have specific local adap-
tations and could be of great conservation value.
Sequencing reduced representation libraries (ddRAD) from
26 specimens selected from across its entire range, we
obtained around 45,000 loci per specimen and 1185 single
nucleotide polymorphisms. Heterozygosity varied sub-
stantially among individuals from different areas. Inter-
estingly, specimens from the southeastern Pyrenees had
some of the lowest proportions of heterozygous positions
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inferred from genome-wide data in mammals so far. In
addition, we estimated a tree reflecting genomic diver-
gence, performed a principal component analysis, and
carried out a Bayesian analysis of the population structure.
Combined evidence supported the existence of five distinct
genomic clusters largely coincident with the main moun-
tain ranges where the species occurs, with few specimens
presenting relevant admixture levels. There was good
correspondence between these populations and the mito-
chondrial lineages detected in a previous study, yet sub-
stantial differences in some areas demonstrate the
importance of performing genomic analysis to reveal the
whole population history. Although the analysis of further
specimens is necessary to better characterize the distribu-
tion of the different evolutionary units, the distinctive
geographical structure of this species revealed by the
genomic data should be considered in future conservation
plans.

Keywords Galemys pyrenaicus - ddRAD - SNPs -
Conservation genomics - Genetic structure

Introduction

Genomic analyses have enormous potential in the conser-
vation of threatened species (Ouborg et al. 2010; Steiner
et al. 2013; Shafer et al. 2015). In particular, the study of
large numbers of genetic markers allows robust conclu-
sions to be drawn regarding population structure and gene
flow, which is essential knowledge for delimiting conser-
vation units (Crandall et al. 2000; Funk et al. 2012). The
identification of different genetic clusters within species is
especially important because these clusters may possess
singular characteristics and adaptations to their particular
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habitats (Orsini et al. 2013; Lanier et al. 2015). In addition,
the detection of low genetic diversity in specific popula-
tions is crucial because it may be related to loss of adaptive
variation and reduced fitness (Tallmon et al. 2004; Allen-
dorf et al. 2010). Although mitochondrial sequences and
microsatellites have long been used for these purposes,
SNPs and sequences obtained through next-generation
sequencing (NGS) techniques have the advantage of pro-
viding massive quantities of genetic data, thus revealing
more precise details of the population structure and vari-
ability within a species and admixture levels of specimens
(Morin et al. 2009; Vonholdt et al. 2011; Xue et al. 2015;
Kjeldsen et al. 2015). However, genome-wide studies used
to address conservation problems are still very scarce and
the actual potential of these new sequencing techniques for
improving the management of endangered species is still to
be determined.

The Pyrenean desman (Galemys pyrenaicus) is a small
semi-aquatic mammal endemic to the northern part of the
Iberian Peninsula. It lives in clean and oxygenated rivers, a
habitat generally found in mountain areas (Palmeirim and
Hoffmann 1983). Some populations have experienced a
strong decline over recent decades, with the most southerly
populations, in the Central System, having suffered the
most significant decreases (Nores et al. 2007; Gisbert and
Garcia-Perea 2014). There are several factors that have
been suggested to explain these population decreases such
as water pollution, water extraction, habitat fragmentation
caused by hydroelectric plants and reservoirs, and preda-
tion by the invasive American mink (Neovison vison)
escaped from fur farms (Fernandes et al. 2011). The
Pyrenean desman is legally protected in the four countries
where it is present (Spain, Portugal, France and Andorra)
and currently appears as “Vulnerable” on the IUCN Red
List (Fernandes et al. 2011). Furthermore, the population of
the Central System was recently catalogued by the Spanish
Government as “In danger of extinction”, which is the
highest protection category. If reinforcement of some
populations becomes necessary in the future, it is important
to have sufficient information on the population structure
and conservation units of the species in order to do so
without altering the genetic identity of the different pop-
ulations. This knowledge is essential because, even if the
Pyrenean desman occupies a relatively small geographic
range, its populations are not homogeneous. First, two
subspecies, pyrenaicus and rufulus, were described
according to differences in coloration and size (Gonzdlez-
Esteban et al. 1999; Lopez-Fuster et al. 2006). Further-
more, a strong phylogeographic structure was revealed
with mitochondrial data, as explained below (Igea et al.
2013). Finally, the distribution of the Pyrenean desman
encompasses a large range of climatic and hydrological
regimes, and the existence of local adaptations cannot be
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discarded. Therefore, outbreeding depression after admix-
ture of divergent populations might occur (Lynch 1991;
Tallmon et al. 2004; Allendorf et al. 2010).

In a previous work, Igea et al. (2013) studied the
phylogeography of the Pyrenean desman using mito-
chondrial markers. One of the principal conclusions was
the existence of a marked phylogeographic structure in
which two main groups (A and B) were further divided
into two subgroups. The resulting four mitochondrial
lineages (Al, A2, B1 and B2) had an allopatric distribu-
tion and a likely glacial origin. The populations with
largest genetic diversity were detected in the most occi-
dental part of the distribution, suggesting that one of the
most important glacial refugia was in this area. Eight
nuclear introns permitted corroboration of these conclu-
sions about genetic diversity although their variability was
too low to add complementary information about popu-
lation structure (Igea et al. 2013). The contact zones
between the main mitochondrial groups, one located in
the Cantabrian Mountains and the other one in the Iberian
Range, indicated an almost complete absence of spatial
mixing between these maternal lineages after postglacial
recolonization (Igea et al. 2013). This is a very peculiar
situation in both contact zones, where no apparent barriers
to the dispersal of desmans seem to exist. Since this
phylogeographic analysis was based on mitochondrial
genes, of exclusive maternal inheritance, it is possible that
analyzing large numbers of nuclear loci could reveal
additional details of the overall genetic structure, as
demonstrated with other species (Godinho et al. 2008;
Nater et al. 2011).

In this work, we aimed to study the population structure
of the Pyrenean desman using genomic sequences and
SNPs obtained through NGS techniques. Genomic studies
of threatened species such as the Pyrenean desman present
several difficulties arising from the shortage of samples, the
low quality of some non-invasive samples and the small
quantity from each sample usually available for DNA
extraction. We tried to overcome these difficulties by
improving certain laboratory protocols and bioinformatic
analyses. Genomic libraries were generated using a double
digest restriction associated DNA (ddRAD) protocol
(Peterson et al. 2012), a reduced representation library
approach that allows a large number of specific genomic
fragments to be sequenced, but with several modifications
to be able to start with small quantities of DNA. We also
used full sequence data to perform essential quality tests of
the library sequences, determine the sex of individuals, and
estimate the proportion of heterozygous positions. Finally,
we studied the population structure of the species using
SNP data. The number of samples available for this work
was small and some important geographical locations
could not be covered with enough sample size. However,
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we were able to test these NGS techniques and uncover the
global population structure of the species, which could be
useful for developing conservation strategies.

Materials and methods
Samples

We used 26 samples of the Pyrenean desman from dif-
ferent geographical locations and mitochondrial clades
(Table S1; Fig. S1), 22 of which came from DNA
extractions performed in a previous phylogeographic
study of the species (Igea et al. 2013). Most of these 22
samples came from very small amounts of fresh tissue
obtained during previous survey works of the species but
three of them belonged to dry tissue from different bio-
logical collections (Table S1). From the areas where a
higher number of samples was available (Occident and
Pyrenees), a maximum of 8 samples were used to avoid
overrepresentation of these populations. From other areas,
all samples from which enough DNA was available were
used. Unfortunately, for a relevant area like the Central
System only one DNA sample could be used. Four
additional samples were obtained from specimens cap-
tured in a survey commissioned by the Regional
Government of La Rioja (Spain), in 2011. These were
used to complete the sampling in the Iberian Range,
which included few samples from the previous study. A
small piece of tail tip was taken from the captured
specimens and stored in ethanol, and the animals were
released back in the wild. The work to obtain samples for
genetic analyses was performed with permit number
AJ2011/52 issued by the Regional Government of La
Rioja; it was carried out following national and interna-
tional regulations, and all necessary steps were taken to
prevent any damage to the specimens. DNA was extracted
from these samples as in Igea et al. (2013).

Library construction and sequencing

The DNA library was constructed using the ddRAD pro-
tocol (Peterson et al. 2012), with several modifications to
allow for smaller quantities of initial DNA. The experi-
ments were performed in series of 12 samples each time,
repeating samples with low sequence yield in subsequent
experiments. To avoid bias that could be related to specific
sequencing runs, samples were randomly selected from
different geographical areas for each experiment. In order
to identify each specimen in the analyses, we used 12
different P1 adapters, each with a different 5 nucleotide
barcode, and one common P2 adapter. Using the single-
stranded oligonucleotides and the corresponding

complementary molecules provided in Peterson et al.
(2012), an annealing reaction was carried out in order to
produce double-stranded adapters.

The DNA concentration was measured either by absor-
bance at 260 nm (with Nanodrop) or using qPCR (see
supplementary information). From each sample, a quantity
of genomic DNA varying between 200 and 250 ng was
double digested using restriction enzymes EcoRI and Mspl,
in a 20 pl volume. After incubating overnight, the enzy-
matic reaction was heat inactivated over a 30-min period at
80 °C. We then added (with no previous cleaning step in
order to avoid DNA loss) a 80 pl ligation mix, including
T4 DNA ligase, P1 adapter (which binds to the EcoRI
overhangs), and P2 adapter (which binds to the Mspl
overhangs), and the solution was incubated overnight at
23 °C. The ligation reaction was heat inactivated at 65 °C
over a 10-min period.

We then mixed all the ligation reactions in a single tube.
This mix was concentrated in 30 pl using the MinElute
PCR Purification Kit (QIAGEN). The entire 30 pl pool was
run on a 1 % low-melting agarose gel for 1 h and was then
selected by size (300400 bp) using a fresh razor blade.
The gel purification was eluted in 30 pl using the MinElute
Gel Extraction Kit (QIAGEN).

Subsequently, a PCR amplification of the size-select
sample was performed to add Illumina adapter sequences,
using the oligonucleotides described in Peterson et al.
(2012). Phusion high-fidelity DNA polymerase (New
England Biolabs) amplifications with a number of cycles
ranging from 14 to 24, depending on the intensity of initial
PCR products, were carried out. A total of 4 pl of the size-
select samples pool was used as template. To increase the
concentration of the libraries and to minimize bias, a total
of 4-7 PCRs were performed. Then, we combined and
concentrated the PCR products into a 30 pl volume using
the MinElute PCR Purification Kit. Finally, to get rid of
small fragments, the library was a run in a precast EX 2 %
agarose gel using an E-Gel system (Invitrogen). The band
corresponding to the library was then extracted with the
Qiaquick Gel Extraction Kit (QIAGEN) in 20 pl.

The library size was checked with a Bioanalyzer 2100
(Agilent) and sequenced using a MiSeq (Illumina) in the
Genomics Core Facility at the Pompeu Fabra University.
Sequencing was carried out using the MiSeq Reagent Kit
v3 in a single read length of 150 cycles.

Sequence processing

We used the Stacks 1.10 package (Catchen et al.
2011, 2013) to process the sequences obtained. First, the
process_radtags program was used to filter out reads with
low-quality sequences or malformed restriction sites or
barcodes, and to separate reads belonging to different
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samples according to the barcodes. After this step,
sequences of the same sample from different runs were
combined. Then ustacks was used to assemble loci in each
sample, with a minimum number of sequences for each
sample at a locus (minimum stack depth or m) of 3 and a
maximum number of differences between reads (M) of 2.
The mean sequence coverage of each specimen was then
calculated as the number of assembled reads divided by the
number of assembled loci. The loci of all the specimens
were subsequently merged with cstacks, allowing for the
maximum number of differences between reads (n) of 2,
and a catalog of loci and sequences was then created with
sstacks. Then the populations program was used to save
two different output files for downstream analyses. First,
the SNPs were saved from complete loci, i.e., those rep-
resented in all samples (r = 1). In addition, assembled loci
represented in at least 14 samples (r = 0.51) were saved in
FASTA format.

Using a series of custom scripts, different quality checks
and processing steps were performed on the sequences
obtained in FASTA format. First, incompatible loci (i.e.,
those with more than two alleles) were eliminated from the
FASTA file. In addition, loci with less than 140 bp were
also removed.

It has been suggested that the Stacks algorithm may allow
for the presence of duplicate loci, which could cause prob-
lems for correct assembling (Sovic et al. 2015). To detect
these, we performed a Blast search (Altschul et al. 1997) of
all the loci against themselves, using one sequence per locus
and an e-value of le™*°. Different e-values may lead to
different stringencies in the search. In this case, a stringent
value was used so that only duplicate loci with a high simi-
larity, which would be the most problematic, were detected.

Since there is no G. pyrenaicus reference genome avail-
able, we needed to detect possible contaminant sequences
such as those coming from bacteria present in the samples.
To do so, we performed an additional Blast search of one
sequence per locus against the GenBank nucleotides data-
base. In this case, a less stringent e-value of 1e™'? was used
to ensure that any contamination was detected.

Sequences detected by Blast searches as duplicates or
contaminants were eliminated and this set of filtered loci
was used for further downstream analyses.

In addition, from this set of filtered loci, a new set of
complete SNPs was constructed for comparison with the
initial set saved by Stacks, using only loci previously geno-
typed by Stacks. For the new set, we selected from each
locus the SNP with the largest minimum allele frequency.

Sex determination

Sixteen samples were initially sexed by gPCR amplifica-
tion of a Y-linked fragment (see supplementary

) Springer

information). Using the nine males and seven females with
sex determined in this way, we searched, within the
assembled loci, for putative Y chromosome loci in order to
sex the rest of specimens. For this analysis, the Stacks
populations program was run with r = 0.25 to ensure the
assembly of Y-chromosome loci from males. We then
selected all loci present in the seven known males and in
none of the nine females, and in which the two sequences
assembled by Stacks were identical. The application of
these conditions expected for Y-chromosome genes resul-
ted in the initial identification of 50 loci. One of the loci
was inconsistent with the others (it was found in two
specimens that did not have any of the other loci) and was
consequently eliminated. The discriminating value between
the sexes of the remaining 49 loci was tested using the
sequenced reads (just filtered with process_radtags). For
this purpose, we performed a Blast search of the reads of
each sample against the likely Y-linked loci using very
stringent criteria to avoid finding duplicates in the X
chromosome (1e™"%).

Proportion of heterozygous positions in each
specimen

To ensure adequate coverage for individual heterozygosity
rate estimation (Buerkle and Gompert 2013), a new dataset
of assembled loci was generated with Stacks using a
minimum stack depth for each sample of 9. This new set of
sequences was processed as described above, and loci with
duplicate and contaminant sequences were eliminated. The
proportion of heterozygous positions for each sample was
estimated from the sequences in FASTA format as the
number of variable positions for the sample in all loci
divided by the total length of the loci.

Genomic tree

We estimated a genomic tree from the variable loci using
two different phylogenetic methods, as in Igea et al.
(2015). First, we reconstructed a distance tree from the
matrix of the average genomic divergence between speci-
mens (Gronau et al. 2011; Freedman et al. 2014). To
summarize the divergence of the two separate alleles, we
calculated pairwise distances between all specimens using
formula 8.2 in Freedman et al. (2014). Distances were
corrected for multiple substitutions using the Jukes-Cantor
formula. The resulting matrix of pairwise distances was
used to reconstruct a distance tree using the Fitch program
in the Phylip package (Felsenstein 1989). Another tree was
obtained from the distances calculated using formula 8.1 in
Freedman et al. (2014), where a more conservative esti-
mate of the differences at each position is computed, but
the results were very similar (not shown).
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In addition, we reconstructed a nuclear genomic tree by
concatenating all loci. We performed several concatena-
tions where the order of each allele pair was randomly
changed. From each concatenation set, a maximum-likeli-
hood tree was estimated using RaxML version 7.4.2 (Sta-
matakis 2006) with a general time reversible plus
invariable sites model.

Tree figures were prepared with SplitsTree (Huson and
Bryant 2006). In these figures, the tree branches were
oriented to maximize the match with the geographical
location of the populations without altering the tree

topology.

Principal component analysis and population
structure

Principal component analysis (PCA) was performed with
SNPrelate (Zheng et al. 2012) from the genetic covariance
matrix of the SNP genotype data. The axes of the plot were
oriented to maximize the match of the positions of the
samples in the plot and their geographical locations.

Population structure and admixture were estimated from
the SNP data sets with the program Structure 2.3.4, which
implements a Bayesian model-based clustering method
(Pritchard et al. 2000) using the admixture and correlated
allele frequency models, and with no prior information on
population origin. A total of 500,000 generations were run
after a burn-in of 50,000 generations with a number of
clusters (K) ranging from 2 to 7 (K = 1 was not used
because it gave unrealistically low posterior probability
values). We performed 10 different runs for each K value
in order to plot the trend of the estimated posterior prob-
ability of the data, Ln P(D) (Pritchard et al. 2000). In
addition, the optimal K value was estimated using the AK
method (Evanno et al. 2005) as the inflection point of the
Ln P(D) curve before reaching an horizontal or slightly
increasing plateau. All 10 runs gave very similar results for
meaningful K values and only the first run was shown in
the table of admixture proportions and figures.

Results
Genome fragments obtained

A total of 62,551,837 sequence reads passed the initial
quality filters, with an average of 2,405,840 reads for each
of the 26 G. pyrenaicus specimens analyzed (Table S2).
Different strategies were used to assemble these reads, as
indicated in Fig. S2. Under a default minimum stack depth
in the Stacks program (m = 3), 2,130,583 reads and 69,111
loci were assembled on average per sample, resulting in a
mean depth of coverage of 28. When loci of different

specimens were merged and only loci with at least 14
samples were selected, 57,212 loci remained, with a total
of 8,326,212 bp potentially sequenced for each sample.
However, the samples differed in the resulting number of
assembled loci, ranging from 56,378 (99 % of the total
loci) to 20,256 (35 %), with an average of 45,446 (79 %)
(Table S2; Fig. S3). The average sequenced length per
sample was 6,201,426 bp. Samples represented in few loci
may have slightly degraded DNA but this did not prevent
their use in further analyses.

The number of variable loci in this set was 16,742. The
plot of the frequency of SNPs at each position along the
sequence read provides a measure of the sequencing
quality (Sovic et al. 2015). There is a slight trend in
increasing polymorphisms towards the end of the read
(Fig. S4), which could be related to the decrease in quality
characteristics of Illumina reads. However, given the small
proportion of positions affected, these errors are not likely
to influence the results.

In order to evaluate the quality of the assembled loci, we
applied further tests and filters. First, one sequence of each
locus was selected to perform a Blast search against all
other sequences. This way, 3563 duplicate loci were
detected.

Next, a Blast search against the GenBank database was
performed to estimate the amount of contaminants and
other problematic sequences in our libraries. Of the 57,212
assembled loci, 6655 gave a significant hit to some
sequence in GenBank. Of these, 21 belonged to non-Cra-
niates and were considered contaminants: 16 sequences
were found to belong to various bacterial species, 4 to
nematodes and there was 1 unclassified sequence. There
was also a hit to one mitochondrial fragment from G.
pyrenaicus, not appropriate to be analyzed with nuclear
data. All other hits corresponded to nuclear genes of Cra-
niates (mostly mammals) and were considered endogenous
because Craniate species are unlikely to be degrading
organisms or parasites in these tissues (and it is expected
that a few divergent sequences give a Blast hit outside
mammals). The rest of sequences, giving no hit, probably
belonged to non-coding DNA and other fast-evolving
regions of the genome. When duplicate and other prob-
lematic loci were removed (some loci were detected in
both analyses), we obtained a new data set with 53,637
loci, 15,242 of which were variable.

Sex determination with sequenced reads

Using 49 probable Y-chromosome loci identified with a
subset of specimens of known sex, we determined the sex
of all samples by Blast, searching the sequenced reads
against these loci. We found that the number of hits per
million reads was either less than 3 or more than 326 in the
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Fig. 1 Map plotting color-coded heterozygosity rates in different
specimens of the Pyrenean desman. The color scale is in number of
heterozygous positions per million bases. The shadowed area

different samples. Therefore, these 49 loci were perfectly
discriminated between the sexes and clearly Y-linked,
resulting in 13 males and 13 females (Table S3).

Proportion of heterozygous positions

To estimate the individual heterozygosity rate with loci of
adequate coverage for accurate genotyping, we considered
the assembled loci with a minimum stack depth for each
sample of 9. This rendered 32,955 loci with at least 14
samples, totaling 4,796,424 bp of sequence length
(Fig. S2). The heterozygosity rate estimated from these
sequences revealed large differences between specimens,
with values ranging from 0.000013 to 0.000488, that is,
from 13 to 488 heterozygous positions per million bases,
which is more than an order of magnitude of difference
(Table S4). Furthermore, when the heterozygosity was
plotted on the map (Fig. 1), it was observed that the
specimens with the highest values were those from the
occidental zone whereas much lower values came from the
Pyrenees. In particular, the southeasternmost extent of the
Pyrenees showed the lowest heterozygosity rates.

Genomic tree

Genomic tree reconstruction was performed using two sets
of variable loci: without filtering duplicates and contami-
nants, and with filtered loci (Fig. S2). A genomic tree was
first obtained from the 16,742 unfiltered variable loci
(2,436,857 bp) previously determined with a default min-
imum stack depth (Fig. 2). This tree clearly revealed the
existence of five clades that grouped specimens from the
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approximately represents the current species distribution according
to different sources. (Color figure online)

same geographical region: Pyrenees, Occident, Cantabrian
Mountains, Iberian Range and Central System. A similar
phylogeny was obtained by maximum likelihood of the
concatenated loci (Figure S5). The trees obtained after
filtering duplicates and contaminants were also similar (not
shown).

PCA and population structure

Two sets of SNPs were also used for PCA and population
structure analysis (Fig. S2). First, the output from the
Stacks program rendered 1185 SNPs present in all samples.
Second, after filtering duplicate and contaminant loci, a set
of 1053 SNPs remained. The results were similar for the
two sets and only those for the largest set are shown.

PCA based on these SNPs distinguished the same five
groups as the genome tree, with the former more clearly
showing the separation of the Central System population
due to a large discrimination in the second PCA axis
(Fig. 3).

We also used the Structure program with an admixture
model. A plot of the estimated posterior probability of the
data versus the number of clusters, K, shows that, after
K =5, this likelihood does not notably increase and does
not even converge in some runs (Fig. S6). In addition,
according to the Evanno method (Evanno et al. 2005), the
optimal K value is 5. Figure 4 shows the map of the dif-
ferent specimens and the admixture proportions of each of
them as determined with K =5 (Table S5). The five
clusters basically coincide with those obtained in the gen-
ome tree and the PCA analysis. A strong population
structure is observed, with different populations occupying
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Fig. 2 Genomic tree obtained
from the genetic distances of the
16,742 variable loci

(2,436,857 bp). The scale is in
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Fig. 3 Principal component analysis (PCA) based on the SNP data

separate areas of the distribution range of the species. In
addition, only four specimens showed relevant admixture
levels (=5 %). Three specimens from the northwestern part
of the Iberian Range had components of the Pyrenean
genome and, two of them, also had elements of the Can-
tabrian Mountains genome. In addition, one specimen from
the Cantabrian Mountains showed components from both
Pyrenean and Occidental clusters (Table S5).

Since determining the optimal K value is usually diffi-
cult (Pritchard et al. 2000), we also examined different

NGS, to endangered species. This makes developing pro-
tocols that require low amounts of starting material an
important first step in these studies. By removing some
cleaning steps, we were able to prepare libraries starting
with as little as 200 ng of DNA, in the low range of initial
material recommended in a previously developed protocol
(Peterson et al. 2012). However, it should be taken into
account that working with low amounts of starting DNA,
and particularly if it is of low quality, may affect the rep-
resentation of all loci in the final library. For this reason,
we evaluated the quality of the library sequences by cal-
culating the proportion of total loci sequenced and properly
assembled for each specimen (Table S2; Fig. S3). For this
estimation, we used loci present in at least 14 of the 26
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samples processed (57,212 loci). A few specimens did not
even have 50 % of these loci. The two samples with lowest
percentages of loci corresponded to dry skins from old
collections (IBE-C2892 and IBE-C2894, prepared in 1989
and 1988, respectively) and therefore some DNA degra-
dation may have caused this problem. Specimen IBE-
C1069 belonged to an individual found dead in the field.
Individual sequencing runs of this sample always gave a
low number of reads, but the combination of three runs
allowed the assembly of most loci. In the end, all the
specimens in our final set, even those with the smallest
number of assembled loci, provided reliable and coherent
information in the different analyses carried out.

As with many other non-model species, no G. pyre-
naicus genome is available for reference, making it nec-
essary to assess additional aspects of the quality of the
anonymous loci obtained. There are two main sources of
potential problems with the sequences obtained: duplicate
sequences and contaminants. Duplicate loci, if very similar,
may present problems when assigning different alleles to
the correct locus (Sovic et al. 2015). We therefore con-
ducted a Blast search of all sequences against themselves
and detected that 6 % of all loci were duplicate, although
not all of these might necessarily present assembling
problems. The genetic structure and variability results were
similar when filtering and not filtering out these loci,
indicating that duplications were not an important issue in
this case. However, this test using full sequence data
should still be performed when a new species is studied, or
a novel protocol that selects for different loci is used.

We also used full sequence information of loci to
explore if contamination with sequences from bacteria,
parasites or other non-endogenous sources could be prob-
lematic. A Blast search of our final assembled loci against
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GenBank produced 6655 significant hits and, of these, we
only detected 16 sequences belonging to bacteria and 4 to
nematodes. This was a small number of contaminant
sequences, as expected due to the low number of subopti-
mal samples we used.

The results obtained after performing a Blast search of
the sequenced reads of each sample against a set of 49
putative Y-chromosome loci indicated that these loci were
perfectly discriminating between the sexes. Detected
Y-chromosome loci may also be used to evaluate cross-
contamination between samples, since female samples are
expected to have no hits for any of these loci (Green et al.
2009). This contamination may arise during the handling of
samples or library preparation, especially after pooling
samples. All females in our work showed very low levels
of hits for Y-linked genes (less than 3 per million reads;
Table S3), indicating the suitability of our approach to
library preparation. The sexing results, with equal numbers
of males and females, also showed a lack of sex bias in the
selected specimens.

Extremely low genomic heterozygosity rate
in the Pyrenean desman

The individual heterozygosity rate estimated from the
genomic data has been shown to be a relevant parameter
for assessing the genetic diversity of species (Fig. S8). For
example, the heterozygosity rate in primates varies from
800 heterozygous positions per million bases in non-Afri-
can humans, eastern lowland gorillas, bonobos and western
chimpanzees to around 1000 in African humans and 2000
in central chimpanzees, western lowland gorillas and both
orangutan species (Prado-Martinez et al. 2013). Some
highly endangered taxa in which this parameter has been
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estimated from their complete genomes include the giant
panda, with 1350 heterozygous positions per million bases
(Li et al. 2010), the Amur tiger, with 490, the snow leop-
ard, with 230 (Cho et al. 2013), and the cheetah, with 200
(Dobrynin et al. 2015). More recently, heterozygosity rates
estimated in seven specimens of the Channel Island fox, a
species that inhabits isolated islands with extremely small
population sizes, varied between 14 and 408 (Robinson
et al. 2016). In comparison, the Pyrenean desman has one
of the lowest heterozygosity rates reported in any mammal
so far, with a mean of 246 heterozygous positions per
million bases (Table S4). Furthermore, there are substantial
differences among the individual samples. We find values
as low as 13 and 20 heterozygous positions per million
bases in two samples from the southeastern area of the
Pyrenees. All other specimens from the Pyrenean moun-
tains have heterozygosity rates lower than 140. The only
sample from the Central System also has a very low rate,
with 147 heterozygous positions per million bases. The
highest values are found in the occidental population, with
one sample having 488 heterozygous positions per million
bases. Interestingly, the range of heterozygosity rates found
in the Pyrenean desman (13-488) is very similar to that of
the Channel Island fox despite the larger geographical
distribution of the desman. Extreme bottlenecks in small
refugia during the last glacial maximum and before the
postglacial recolonization may have created in the Pyre-
nean desman a pattern of genomic diversity similar to that
found in oceanic islands.

A note of caution is necessary, however, when com-
paring the heterozygosity rates of G. pyrenaicus with other
mammals, since this value was estimated in the present
work from sequence fragments obtained from a double
digestion of the genome and a size selection of 300400 bp
for the library construction. Although these loci should be a
random representation of the genome, we cannot rule out
that another factor may cause that the heterozygosity rates
from ddRAD fragments and whole genomes are not totally
comparable. Therefore, a firm conclusion on the
heterozygosity rates of G. pyrenaicus compared with other
mammals should await its complete genome sequencing.
However, this parameter is very important for comparing
specimens and populations within this species, showing
how full sequence information obtained from the ddRAD
data can also be exploited to achieve crucial knowledge on
genetic variation.

The low heterozygosity rates found in the Pyrenees
agree with the nucleotide diversity values estimated from
mitochondrial and intronic data in a previous study (Igea
et al. 2013). Another study of the northern part of the
Pyrenean populations based on microsatellites also detec-
ted low levels of genetic diversity in this area (Gillet 2015).
These populations have, until recently, been relatively well

conserved (Aymerich et al. 2001; Aymerich and Gosalbez
2014), suggesting that long-term demographic decline does
not explain the low genetic diversity in the Pyrenees.
Instead, postglacial recolonization after a tight bottleneck
seems to be the most likely explanation (Igea et al. 2013).
However, recent data show some regression of the species
in the Pyrenees (Charbonnel 2015). The isolation of sub-
populations in some basins and the consequent increase of
inbreeding or future unforeseen environmental changes
may be more detrimental for populations starting with very
low genetic diversity values (Allendorf et al. 2013).

Population structure of the Pyrenean desman: novel
insights from genomic data

In a previous work, we unveiled a strong phylogeographic
structure in the Pyrenean desman, with an almost total
absence of spatial mixing of the determined clades (Igea
et al. 2013). These conclusions were obtained with mito-
chondrial DNA but, given the importance of analyzing this
structure with nuclear markers, we also developed several
introns and sequenced them in the main populations.
Unfortunately, the nuclear introns did not show enough
variability for these aspects to be analyzed in depth (Igea
et al. 2013). It was therefore essential to develop a higher
number of variable nuclear markers with genomic tech-
niques to obtain more robust conclusions about the geo-
graphical structure of the Pyrenean desman.

A method based on nuclear genetic distances from
concatenated loci (genomic tree) and another based on
allele frequencies of SNPs (PCA) both revealed five clus-
ters largely coincident with the main geographical regions
and mountain ranges: Pyrenees, Occident, Cantabrian
Mountains, Iberian Range and Central System (Figs. 2, 3).
As previously shown (Igea et al. 2013), and contrary to
expectations for a species that is highly adapted to aquatic
ecosystems, this structure is not related to river basins. This
indicates that, at least during the postglacial recolonization
of these areas, boundaries between river basins did not act
as important barriers to the dispersal of the Pyrenean des-
man populations. However, neither the genome tree nor the
PCA analysis determines whether any of these groups
comprise admixed specimens. The Structure analysis based
on an admixture model showed the same five clusters and
few specimens with genomic components belonging to
different populations. In fact, only four specimens showed
relevant admixture levels: three from the northwestern part
of the Iberian Range and one from the Cantabrian Moun-
tains (Fig. 4). The estimated admixture is relatively small
and may be an indication of the low dispersal of this spe-
cies. However, the lack of sampling in contact zones pre-
vents any conclusions being drawn at this time about the
true degree of interbreeding between the different
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populations. In addition, the Central System population,
with only one individual analyzed here, should be studied
using a larger sample size.

The clusters found with genomic data corresponded
fairly well with the mitochondrial lineages detected in a
previous study (Igea et al. 2013) at the initial subdivisions.
Thus, the major mitochondrial groups, A and B, are largely
coincident with the two populations found here with
Structure at K = 2. However, at higher subdivisions the
mitochondrial clades and the nuclear clusters showed some
remarkable differences. One of the major differences was
found in the Iberian Range. The previous study showed
that, in the Iberian Range, there are specimens belonging to
the two main mitochondrial clades, A2 and B1, but they
seemed to be strictly separated into two different areas
(southeast and northwest, respectively), suggesting a highly
restricted dispersal of female desmans despite the existence
of any obvious geographic barrier to gene flow. However,
the genomic data analyzed in the present work reveals a
different scenario in this area. In principle, the six speci-
mens from the Iberian Range (three from each area and
mitochondrial clade) can be assigned to the same genomic
cluster, despite three of them having some components of
other populations. This suggests a homogenization of the
two Iberian Range phylogroups through certain degree of
gene flow between the areas of the two main mitochondrial
clades. This discrepancy between the mitochondrial and
nuclear geographical structures may be due to dispersal
differences between the sexes, although current data on
movements of the Pyrenean desman prevent confirmation
of any dispersal sex bias (Melero et al. 2012; Gillet 2015).
Alternatively, reduced dispersal together with the smaller
mitochondrial population size has been shown to enable the
maintenance of a mitochondrial phylogeographic break in
the absence of nuclear structure, but further work is nec-
essary to discern different possibilities (Irwin 2002; Toews
and Brelsford 2012). The Iberian Range provides a clear
example of how the mitochondrial phylogeography of the
Pyrenean desman showed only one part of the population
history, that of females, while genomic data was crucial to
reveal that the whole population in this mountain range is
more homogeneous than previously suspected.

The other major difference between the mitochondrial
and nuclear geographical structures was found in the
Central System. While the mitochondrial phylogeography
showed that specimens from this area belong to the A2
clade, also present in the Iberian Range (Igea et al. 2013),
the single specimen from the Central System studied here
appears clearly separate in the genomic tree and, particu-
larly, the PCA analysis (Figs. 2, 3). The results of the
Structure analysis with K = 5 also indicate that this indi-
vidual may be part of a differentiated population (Fig. 4).
However, it is obvious that assessing the genetic status of
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the Central System population using only a single speci-
men is difficult. Furthermore, other specimens may have a
different genomic background and, therefore, genomic data
from further samples from the Central System is critical to
understand more fully the evolutionary history of G.
pyrenaicus in this area. The robust characterization of the
Central System population will be particularly important
because it is the most endangered population according to
current data, and an in-depth understanding of its genetic
distinctiveness will be necessary for delineating informed
conservation plans.

Despite the small number of samples we could analyze
in this work, the use of massive information from nuclear
loci and SNPs generated with a genomic approach allowed
us to complement the genetic structure analysis of the
Pyrenean desman initiated with mitochondrial DNA and
nuclear introns. Genomic data corroborated the existence
of a marked genetic structure in this species and supported
a scenario of glacial refugia that gave rise to genetically
distinct populations associated to the main mountain ran-
ges. According to the distribution of the mitochondrial
clades, a scenario of four refugia (NW of the Iberian
Peninsula, Cantabrian Mountains, Central System and
Basque Mountains) was proposed in Igea et al. (2013), but
the current results would be compatible with the existence
of another refugium situated in the Iberian Range to help
explain the genomic cluster found in this area. The Iberian
Peninsula was classically considered a single homogeneous
refugium in Europe (Hewitt 2000) but several phylogeo-
graphic studies in the last few years evidenced that the
Iberian Peninsula (and other South European peninsulas)
contained multiple refugia that gave rise to distinct evo-
lutionary lineages, supporting the “refugia within refugia”
hypothesis (Gomez and Lunt 2007 and references therein).
Our mitochondrial and genomic studies with the Pyrenean
desman, not only provide strong evidence for the impor-
tance of the Iberian Peninsula as the origin of distinct
evolutionary lineages, but also show that some of them
may be of critical conservation interest.

Conclusions

Our results show the importance of performing genomic
studies for properly defining evolutionary units of conser-
vation value. This knowledge is crucial for species with
endangered populations like the Pyrenean desman. The
approach we used here included the sequencing by NGS
techniques of specific short genomic fragments (around
45,000 fragments on average per specimen) and the gen-
eration of 1185 SNPs present in all samples. The genomic
data obtained from 26 Pyrenean desmans selected from
across their entire range revealed extremely low levels of
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individual heterozygosity rate, with specimens from the
southeastern Pyrenees having some of the lowest values
inferred from genome-wide data in mammals so far. In
addition, the analysis of genetic structure showed a strong
geographical structure, with five main clusters that pre-
sented low levels of admixture among them and were lar-
gely coincident with the main mountain ranges.
Preliminarily, and pending further analysis of more speci-
mens from the whole distribution area, the populations
found in each main mountain range should be considered
as different conservation units. There is no perfect coin-
cidence with the previously determined mitochondrial
clades, particularly in the Iberian Range, demonstrating the
importance of performing genomic analysis to reveal the
whole population history of the species. The laboratory and
bioinformatic techniques tested and improved here open
the door to perform more specific analyses with additional
specimens to cover poorly sampled regions. Among these,
the Central System holds the most endangered population
of the species according to current data therefore necessi-
tating detailed genomic studies. In addition, the study of
contact zones between different clusters would be of great
help in defining the boundaries between them. These fur-
ther analyses should help us better understand the dispersal
patterns of the species and the true degree of isolation of
the different populations. However, the overall geograph-
ical structure already uncovered here using genomic data
should be taken into account in future management plans
involving the Pyrenean desman.
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Supplementary Methods

Quantification of DNA concentration by qPCR

We selected an ultraconserved element among mammals (Chr2_23668) (Faircloth et al. 2012)
for qPCR amplification. The primers (AAATGCAGCGATCAGCAGT /
ACGGGTGCCACATGTTAAG) were designed with the software Primer3 v. 0.4.0
(Koressaar and Remm 2007, Untergasser et al. 2012) to amplify a 76 bp fragment. The qPCR
with these primers was successfully tested in different species of insectivores, rodents and

carnivores.

qPCR reactions were performed in a final volume of 20 pl, containing 10 ul of IQ SYBR
Green Supermix (Bio-Rad), 300 nM of each primer, and 2 pl of genomic DNA (prediluted
100 fold). The reactions were set in triplicates and run on a MyiQ Single-Color Real-Time
PCR Detection System (Bio-Rad) with a thermocycling protocol of 2 min at 95°C for the
initial denaturation followed by 40 cycles of denaturation (15 s at 95 °C), and
annealing/extension (30 s at 60 °C). The standard curve for absolute quantification was
prepared using a commercial Bos taurus DNA sample of known concentration (Sigma-
Aldrich) consisting of a ten-fold dilution series ranging from 2 ng to 0.02 ng and a non-

template control.



Sex determination by qPCR

In order to sex Galemys pyrenaicus samples we needed to design primers for amplification of
a Y chromosome fragment. Since few Y chromosome sequences of mammals were available
in databases for primer design, we used a heterologous gene with copies present in both X and
Y chromosomes. Following the approach used in Igea et al. (2010) based on the comparison
of several mammalian genomes, we selected a gene located in the X-chromosome, USP9X,
with an heterologous copy in the Y-chromosome, USP9Y. Alignments of the adjacent exon
sequences were used to design primers in the conserved regions that simultaneously amplified
intron 42 of both heterologous copies of the gene. Then, intron 42 of USP9X and USP9Y was
amplified in several male G. pyrenaicus samples (with sex morphologically determined). The
resulting PCR product was subcloned into a pstBlue-1 vector (Invitrogen) to obtain the
sequences belonging to the X- and Y-specific introns. With these Y intron sequences of G.
pyrenaicus, we could design new highly specific primers for qPCR amplification of a smaller
fragment within the intron. These primers (GACAGCTTCCAAAATAAAGAATTT/
GAACTGGCAGTAATTTTCAAAGTG) were designed with the software Primer3 v. 0.4.0
(Koressaar and Remm 2007; Untergasser et al. 2012) and amplified a 77 bp region of intron
42 of USPYY only in males. qPCR reactions were performed as described above. The
standard curve for Y-chromosome quantification was prepared using a male G. pyrenaicus
DNA sample of known concentration consisting of a ten-fold dilution series ranging from 8.5

ng to 0.085 ng and a non-template control.

References

Faircloth BC, McCormack JE, Crawford NG, Harvey MG, Brumfield RT, Glenn TC (2012)
Ultraconserved elements anchor thousands of genetic markers spanning multiple
evolutionary timescales. Syst Biol 61:717-726. doi: 10.1093/sysbio/sys004

Igea J, Juste J, Castresana J (2010) Novel intron markers to study the phylogeny of closely
related mammalian species. BMC Evol Biol 10:369. doi: 10.1186/1471-2148-10-369

Koressaar T, Remm M (2007) Enhancements and modifications of primer design program
Primer3. Bioinformatics 23:1289-1291. doi: 10.1093/bioinformatics/btm091

Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm M, Rozen SG (2012)
Primer3-new capabilities and interfaces. Nucleic Acids Res 40:e115. doi:
10.1093/nar/gks596

55



56

Table S1. Specimens used in this study.

Specimen Geographical Locality Latitude Longitude Reference
code location

IBE-C422  Pyrenees Tor 42.6 1.4 Igeaelal 2013
IBE-C2756 Pyrenees Rio Aiaiturrieta-Ataun 43.0 -2.1 Igeael al. 2013
IBE-C2763 Pyrenees Rio Olazar-Eugi 43.0 -1.5 Igeael al. 2013
IBE-S1925  Pyrenees Riu Ritort-Camprodon 423 24 Igeaelal 2013
IBE-C2755 Pyrenees Rio Leitzaran-Berastegi 432 -2.0 Igeael al. 2013
IBE-C2799 Pyrenees Rio Elama-Artikutza 432 -1.8 Igeael al. 2013
IBE-C2757 Pyrenees Amundarain-Zaldibia 43.1 -2.0 Igeael al. 2013
IBE-C2765 Pyrenees Rio Ezpelura-Urrotz 43.1 -1.7 lIgeael al. 2013
IBE-C2739  Occidental Rio Cabras-Laza 421 -7.4 lgeael al. 2013
IBE-C3305  Occidental Paiva-Fraguas 40.8 -7.8 lIgeael al. 2013
IBE-C2736  Occidental Rio Caranyo-Covelo 423 -8.4 Igeael al. 2013
IBE-C2737  Occidental Rio Riobo-A Estrada 427 -8.4 Igeael al. 2013
IBE-C3301 Occidental Paiva-Fraguas 40.8 -7.8 Igeael al. 2013
IBE-C2740  Occidental Rio Meladas-Carballeda 422 -6.8 Igeael al. 2013
IBE-C2749  Occidental Rio Termes-As Neves 42.1 -8.4 Igeaelal 2013
IBE-C3303  Occidental Sabor-Macas-Quintanilla 41.8 -6.6 Igeael al. 2013
IBE-C2856  Cantabr. Mount.  Rio Lamedo 43.1 -4.6 Igeael al. 2013
IBE-C2892 Cantabr. Mount.  Rio Cares-Cain 432 -49 Igeael al. 2013
IBE-C2894 Cantabr. Mount.  Rio Cares-Casiellos 432 -49 Igeael al. 2013
IBE-C3739 Iberian Range Ciloria 423 -3.1 This work
IBE-C3750 Iberian Range Iregua 42.1 -2.7 This work
IBE-C3756  Iberian Range La Soledad 422 -3.1 Igeael al. 2013
IBE-C3754 Iberian Range La Vieja 42.0 -2.6 This work
IBE-C3774 Iberian Range Iregua-Achichuelo 42.1 -2.7 This work
IBE-C1069 Iberian Range Rio Calamantio 422 -2.9 Igeael al. 2013
IBE-C485 Central System Rio Ambroz-Hervas 403 -5.8 Igeael al. 2013

Igea, J., P. Aymerich, A. Fernandez-Gonzalez, J. Gonzalez-Esteban, A. Gomez, R. Alonso, J.
Gosalbez, and J. Castresana (2013). Phylogeography and postglacial expansion of the endangered
semi-aquatic mammal Galemys pyrenaicus. BMC Evol. Biol. 13:115.



Table S2. Basic statistics of the obtained sequences.

Specimen Total  Assembled Assembled Coverage Loci % Loci
code reads reads loci (r=0.51)

IBE-C422 3,340,793 3,168,467 73,542 43.1 52,557 92
IBE-C2756 5,488,309 4,870,237 95,669 50.9 54,436 95
IBE-C2763 1,131,290 981,430 68,875 14.2 50,954 89
IBE-S1925  1.479.918 1,358,615 63,422 214 49356 86
IBE-C2755 1,621,373 1,508,894 56,349 26.8 45,188 79
IBE-C2799 1,026,682 926,741 37,741 246 29,730 52
IBE-C2757 4,267,442 4,025,554 86,240 46.7 54,874 96
IBE-C2765 977,876 797,482 55,921 14.3 43,749 76
IBE-C2739 2,933,094 2,807,102 70,351 399 50,841 89
IBE-C3305 719,617 485,621 39,441 12.3 28,433 50
IBE-C2736 1,104,564 958,648 66,385 14.4 50,602 88
IBE-C2737 2,131,404 1,953,263 78.034 25.0 54,517 95
IBE-C3301 2,889,024 2,599,493 89,172 292 54918 96
IBE-C2740  2.918438 2,502,729 73,618 34.0 37.494 66
IBE-C2749 2,271,888 1,950,688 62,010 31.5 35,048 61
IBE-C3303 875,577 406,220 48,293 8.4 30,946 54
IBE-C2856 2,457,624 2.279.458 78.800 28.9 55,170 96
IBE-C2892 223,377 141,154 22,687 6.2 20,256 35
IBE-C2894 241,988 145,557 22,639 6.4 20,401 36
IBE-C3739 1,420,150 1,290,934 68,342 18.9 52,690 92
IBE-C3750 2,004,518 1,828,753 77,181 23.7 54,373 95
IBE-C3756 6,180,801 5,587,283 99,216 563 56,378 99
IBE-C3754 7,932,104 7.367,368 98.576 74.7 54,898 96
IBE-C3774 3,134,533 2.866.594 82,863 34.6 48,612 85
IBE-C1069 2,054,961 974,520 107,903 9.0 45,519 80
IBE-C485 1,724,492 1,612,349 73,615 219 49,651 87
Average 2,405,840 2,130,583 69,111 28 45,446 79
Total 62,551,837 55,395,154 1,796,885
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Table S3. Sex determination by Blast against Y-linked loci.

Specimen  Geographical Number of hits Sex
code location per million reads

IBE-C422  Pyrenees 0.0 Female
IBE-C2756 Pyrenees 0.2 Female
IBE-C2763 Pyrenees 563.2 Male
IBE-S1925  Pyrenees 819.9 Male
IBE-C2755 Pyrenees 924.9 Male
IBE-C2799 Pyrenees 898.4 Male
IBE-C2757 Pyrenees 0.2 Female
IBE-C2765 Pyrenees 646.5 Male
IBE-C2739 Occidental 779.6 Male
IBE-C3305 Occidental 615.7 Male
IBE-C2736  Occidental 0.0 Female
IBE-C2737 Occidental 486.6 Male
IBE-C3301  Occidental 03 Female
IBE-C2740 Occidental 24 Female
IBE-C2749 Occidental 0.9 Female
IBE-C3303  Occidental 326.7 Male
IBE-C2856 Cantabr. Mount. 524.6 Male
IBE-C2892 Cantabr. Mount. 752.3 Male
IBE-C2894  Cantabr. Mount. 0.0 Female
IBE-C3739 Iberian Range 0.0 Female
IBE-C3750 Iberian Range 5274 Male
IBE-C3756 Iberian Range 653.6 Male
IBE-C3754 Iberian Range 03 Female
IBE-C3774 Iberian Range 0.0 Female
IBE-C1069 Iberian Range 0.5 Female
IBE-C485  Central System 1.2 Female




Table S4. Proportion of heterozygous positions of each specimen (per position).

Specimen  Geographical Heterozygosity
code location rate
IBE-C422  Pyrenees 0.000020
IBE-C2756 Pyrenees 0.000037
IBE-C2763 Pyrenees 0.000127
IBE-S1925  Pyrenees 0.000013
IBE-C2755 Pyrenees 0.000114
IBE-C2799 Pyrenees 0.000132
IBE-C2757 Pyrenees 0.000024
IBE-C2765 Pyrenees 0.000138
IBE-C2739 Occidental 0.000389
IBE-C3305 Occidental 0.000488
IBE-C2736 Occidental 0.000351
IBE-C2737 Occidental 0.000348
IBE-C3301 Occidental 0.000425
IBE-C2740 Occidental 0.000390
IBE-C2749 Occidental 0.000359
IBE-C3303  Occidental 0.000407
IBE-C2856 Cantabr. Mount. 0.000301
IBE-C2892 Cantabr. Mount. 0.000257
IBE-C2894  Cantabr. Mount. 0.000271
IBE-C3739 Iberian Range 0.000329
IBE-C3750 Iberian Range 0.000278
IBE-C3756 Iberian Range 0.000368
IBE-C3754 Iberian Range 0.000159
IBE-C3774 Iberian Range 0.000208
IBE-C1069 Iberian Range 0.000303
IBE-C485  Central System 0.000147
Average 0.000246
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Table S5. Admixture proportions of each specimen estimated with Structure and K = 5.

Specimen  Geographical Cluster 1  Cluster2  Cluster3  Cluster4  Cluster S
code location

IBE-C422  Pyrenees 0.0001 0.9996 0.0001 0.0001 0.0001
IBE-C2756 Pyrenees 0.0002 0.9988 0.0001 0.0006 0.0001
IBE-C2763 Pyrenees 0.0017 0.9702 0.0003 0.0273 0.0005
IBE-S1925  Pyrenees 0.0001 0.9996 0.0001 0.0001 0.0001
IBE-C2755 Pyrenees 0.0003 0.9984 0.0002 0.0010 0.0002
IBE-C2799 Pyrenees 0.0002 0.9986 0.0001 0.0009 0.0002
IBE-C2757 Pyrenees 0.0001 0.9996 0.0001 0.0001 0.0001
IBE-C2765 Pyrenees 0.0004 0.9974 0.0001 0.0019 0.0002
IBE-C2739 Occidental 0.0014 0.0005 0.0002 0.0004 0.9974
IBE-C3305 Occidental 0.0073 0.0002 0.0003 0.0003 0.9919
IBE-C2736 Occidental 0.0003 0.0003 0.0002 0.0003 0.9989
IBE-C2737 Occidental 0.0008 0.0002 0.0006 0.0004 0.9980
IBE-C3301 Occidental 0.0008 0.0005 0.0075 0.0004 0.9908
IBE-C2740 Occidental 0.0408 0.0006 0.0004 0.0007 0.9576
IBE-C2749 Occidental 0.0003 0.0002 0.0002 0.0002 0.9991
IBE-C3303 Occidental 0.0013 0.0003 0.0004 0.0003 0.9976
IBE-C2856 Cantabr. Mount. 0.6772 0.1141 0.0002 0.0061 0.2024
IBE-C2892 Cantabr. Mount. 0.9984 0.0006 0.0002 0.0004 0.0004
IBE-C2894 Cantabr. Mount. 0.9987 0.0004 0.0004 0.0002 0.0003
IBE-C3739 Iberian Range 0.0311 0.1980 0.0089 0.7606 0.0013
IBE-C3750 Iberian Range 0.0012 0.0675 0.0028 0.9282 0.0003
IBE-C3756 Iberian Range 0.1047 0.2262 0.0014 0.6566 0.0111
IBE-C3754 Iberian Range 0.0002 0.0026 0.0002 0.9967 0.0002
IBE-C3774 Iberian Range 0.0004 0.0201 0.0003 0.9789 0.0003
IBE-C1069 Iberian Range 0.0006 0.2126 0.0003 0.7863 0.0002
IBE-C485  Central System 0.0005 0.0014 0.9956 0.0019 0.0007




minimum stack depth = 3

Total loci: 57,212 —>» Plot of loci per specimen
Total sequence length: 8,326,212
Variable loci: 16,742 —>» Plot of SNPs, Genome tree
SNPs (complete loci): 1,185 =—> PCA, Population structure

Filter duplicates and contaminants with Blast

Total loci: 53,637
Total sequence length: 7,805,936
Variable loci: 15,242 —>» Genome tree
SNPs (complete loci): 1,053 —>» PCA, Population structure

minimum stack depth = 9

Total loci: 35,308
Total sequence length: 5,138,939

Filter duplicates and contaminants with Blast

Total loci: 32,955
Total sequence length: 4,796,424 —>» Heterozygosity rate

Figure S1. Scheme of the steps followed to assemble loci using two different minimum
stack depths and analyses performed with different datasets. Main analyses are shown
with bold font.
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Figure S2. Plot of loci per specimen: Number of loci represented in each specimen after
merging all loci. Only loci assembled in more than half the number of samples (r = 0.51
in the populations program), are used. The horizontal bar represents total loci, which
were 57,212.
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Figure S3. Plot of SNPs: Number of SNPs found along the sequence reads. The first
five bases correspond to the restriction site and do not have any SNP.
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Figure S4. Genomic tree obtained by maximum likelihood of one of the possible concat-
enations of the two alleles of the 16,742 variable loci. The scale is in substitutions per
position. Several concatenations in which the order of each allele pair was randomly

changed yielded very similar trees.
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Figure S5. Box plots of the estimated posterior probability of the data for different K
values in Structure. Values for each of 10 different runs are jittered for better visibility.
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Figure S6. Maps plotting color-coded admixture proportions of each specimen as deter-
mined with Structure and different K values.
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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; Bartakova et al. 2015; Byrne et al. 2015).



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 (LIFEO9 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,



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 (1) 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 it 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

(Munoz-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, Alimentacion 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.

B C

Figure 1. Scheme of the computation of Euclidean (A), altitude-based least-cost path (B) and river (C) distances between
two sampling points.



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

previously (Igea et al. 2013).

A

Clade A1 Clade B2

Clade B1

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.

0.005
0.004
0.003
0.002

0.001

‘ I I I I I
9 8 7 -6 -5

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.

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



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.

Distances compared Basin Correlation  P-value
Euclidean vs. Phylogenetic All 0.32 0.0002
Altitude vs. Phylogenetic All 0.48 0.0002
River vs. Phylogenetic All -0.06 0.0533
Euclidean vs. Phylogenetic Duero 0.11 0.0568
Altitude vs. Phylogenetic Duero 0.16 0.0290
River vs. Phylogenetic Duero 0.02 0.2578
Euclidean vs. Phylogenetic Miiio 0.40 0.0002
Altitude vs. Phylogenetic Mifio 0.41 0.0002
River vs. Phylogenetic Miio 0.38 0.0002

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 Mifio 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; Gongalves 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 Curuefio. 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



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 Mifio 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 Mifio
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 Mifio 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.



Taken together, these results demonstrate a strong isolation-by-distance effect in the Pyrenean
desmanthatcanin principle be modelled through overland dispersal whenlarge 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

79



80

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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Specimen code Latitude Longitude Basin Sample type
IBE-BC0064 42.69 -8.31 Ulla Otter facces
IBE-BC0093 42.01 -0.74 Duero Desman faeces
IBE-BC0123 42.48 -7.15 Mifio Otter faeces
IBE-BC0129 42.01 -0.74 Duero Desman faeces
IBE-BC0204 42.26 -6.68 Mifio Desman faeces
IBE-BC0256 43.00 -5.69 Duero Desman faeces
IBE-BC0259 42.92 -5.29 Duero Desman faeces
IBE-BC0269 4222 -6.85 Mifio Desman faeces
IBE-BCO0311 42.06 -6.69 Duero Desman faeces
IBE-BC0370 42.04 -6.76 Duero Desman faeces
IBE-BC0377 43.02 -5.61 Duero Desman faeces
IBE-BC0384 42.11 -6.97 Mifio Desman faeces
IBE-BC0388 42.03 -6.90 Duero Desman faeces
IBE-BC0389 42.06 -6.93 Duero Desman faeces
IBE-BC0401 42.03 -6.76 Duero Desman faeces
IBE-BC0472 42.90 -5.87 Duero Desman faeces
IBE-BC0476 41.90 -6.44 Duero Desman faeces
IBE-BC0483 42.43 -6.55 Mifio Desman faeces
IBE-BC0497 42.84 -6.11 Duero Desman faeces
IBE-BC0505 42.12 -0.68 Duero Desman faeces
IBE-BC0508 42.14 -6.43 Duero Desman faeces
IBE-BC0541 41.99 -0.67 Duero Desman faeces
IBE-BC0542 42.16 -0.54 Duero Desman faeces
IBE-BC0567 42.19 -6.35 Duero Desman faeces
IBE-BC0586 42.93 -6.42 Mifio Desman faeces
IBE-BC0605 42.07 -6.45 Duero Desman faeces
IBE-BC0615 43.03 -5.71 Duero Desman faeces
IBE-BC0618 43.00 -5.58 Duero Desman facces Table S1. Samples
IBE-BC0623  42.90 -5.96 Duero Desman faeces  inetuing those oo
IBE-BC0G48  43.05 -4.85 Duero Desman facces sy

study.



IBE-BC0652
IBE-BC0653
IBE-BC0692
IBE-BC0702
IBE-BCO0718
IBE-BC0723
IBE-BC0725
IBE-BC0734
IBE-BCO0780
IBE-BCO0800
IBE-BC0803
IBE-BCO0807
IBE-BCO0809
IBE-BCO0816
IBE-BC0830
IBE-BC0839
IBE-BC0843
IBE-BC0854
IBE-BCO0858
IBE-BC0859
IBE-BC0869
IBE-BC0871
IBE-BCO887
IBE-BC0891
IBE-BC0893
IBE-BC0900
IBE-BC0945
IBE-BC0948
IBE-BC0951
IBE-BC0956
IBE-BC0959
IBE-BC0961
IBE-BC0980

43.05
43.03
43.16
42.97
43.02
43.00
42.99
43.05
43.03
43.02
42.83
42.78
42.80
42.81
42.84
4291
42.84
42.94
42.90
42.77
42.89
42.73
43.00
42.96
42.83
42.76
4292
43.04
42.94
42.99
42.76
42.77
42.71

-4.77
-5.44
-5.04
-5.66
-5.61
-6.23
-5.74
-4.82
-4.77
-5.35
-6.15
-6.10
-6.21
552
-6.37
-6.84
-6.77
-4.24
-6.72
-6.78
-6.64
-6.84
-4.69
631
-5.84
631
-8.13
-6.06
-4.32
6.11
-6.75
-6.29
-6.71

Duero
Duero
Sella
Duero
Duero
Mifio
Duero
Duero
Duero
Duero
Duero
Duero
Duero
Duero
Mifio
Navia
Mifio
Duero
Mifio
Mifio
Mifio
Mifio
Duero
Mifio
Duero
Mifio
Ulla
Duero
Duero
Duero
Mifio
Mifio

Mifio

Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces

Desman faeces
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IBE-BC1008 42.86 -6.51 Mifio Desman faeces

IBE-BC1035 42.91 -5.15 Duero Desman faeces
IBE-BC1077 42.93 -5.08 Duero Desman faeces
IBE-C1154 43.17 -6.79 Navia Igea et al. 2013
IBE-C1174 43.15 -6.80 Navia Igea et al. 2013
IBE-C1177 43.15 -6.80 Navia Igea et al. 2013
IBE-C1729 43.01 -4.27 Ebro Igea et al. 2013
IBE-C1843 43.10 -6.75 Nalon Igea et al. 2013
IBE-C1851 43.14 -4.81 Deva Igea et al. 2013
IBE-C1869 43.28 -6.73 Navia Igea et al. 2013
IBE-C2517 43.15 -5.41 Nalon Igea et al. 2013
IBE-C2607 43.15 -5.26 Nalon Igea et al. 2013
IBE-C2736 42.25 -8.40 Mifio Igea et al. 2013
IBE-C2737 42.75 -8.37 Ulla Igea et al. 2013
IBE-C2738 42.75 -8.37 Ulla Igea et al. 2013
IBE-C2739 42.08 -7.44 Duero Igea et al. 2013
IBE-C2740 42.24 -6.83 Mifio Igea et al. 2013
IBE-C2741 42.24 -6.83 Mifio Igea et al. 2013
IBE-C2742 42.19 -7.94 Mifio Igea et al. 2013
IBE-C2743 42.19 -7.94 Mifio Igea et al. 2013
IBE-C2745 43.23 -7.05 Navia Igea et al. 2013
IBE-C2747 42.24 -7.43 Mifio Igea et al. 2013
IBE-C2750 42.12 -8.39 Mifio Igea et al. 2013
IBE-C2751 42.13 -7.35 Mifio Igea et al. 2013
IBE-C2752 42.13 -7.35 Mifio Igea et al. 2013
IBE-C2753 42.94 -7.06 Navia Igea et al. 2013
IBE-C2754 42.42 -7.00 Mifio Igea et al. 2013
IBE-C2856 43.12 -4.56 Deva Igea et al. 2013
IBE-C2893 43.18 -4.90 Deva Igea et al. 2013
IBE-C2894 43.22 -4.90 Deva Igea et al. 2013
IBE-C2950 43.17 -5.39 Nalon Igea et al. 2013
IBE-C2975 41.57 -7.68 Duero Igea et al. 2013

IBE-C2990 41.62 -7.84 Duero Igea et al. 2013



IBE-C3301
IBE-C3303
IBE-C3305
IBE-C3338
IBE-C3342
IBE-C3522
IBE-C3541
IBE-C3542
IBE-C3545
IBE-C3557
IBE-C3568
IBE-C3602
IBE-C3620
IBE-C3623
IBE-C3638
IBE-C3641
IBE-C3647
IBE-C3795
IBE-C3812
IBE-C3813
IBE-C3822
IBE-C3828
IBE-C3833
IBE-C3834
IBE-C3843
IBE-C3848
IBE-C3849
IBE-C3852
IBE-C3868
IBE-C438

IBE-C4402
IBE-C4403
IBE-C4404

41.79
40.84
40.84
43.08
43.07
41.91
41.80
42.92
41.91
43.35
42.04
41.33
42.93
43.15
41.91
43.15
41.91
42.69
42.72
42.87
42.73
42.75
42.97
42.90
42.86
42.79
42.75
42.74
42.75
42.97
43.22
42.53
42.33

-6.55
-7.78
-7.78
-4.54
-4.50
-6.77
-6.69
-8.08
-6.77
-7.04
-6.81
-7.80
-5.40
-5.41
-6.77
-5.30
-6.77
-8.39
-8.47
-7.88
-8.40
-8.01
-8.10
-8.11
-8.28
-8.40
-8.20
-8.03
-8.11
-6.00
-7.83
-8.42
-7.25

Duero
Duero
Duero
Deva
Deva
Duero
Duero
Ulla
Duero
Eo
Duero
Duero
Duero
Nalon
Duero
Nalon
Duero
Ulla
Ulla
Ulla
Ulla
Ulla
Ulla
Ulla
Ulla
Ulla
Ulla
Ulla
Ulla
Duero
Mifio
Lerez

Mifio

Igea et al. 2013
Igea et al. 2013
Igea et al. 2013
Igea et al. 2013
Igea et al. 2013
Igea et al. 2013
Igea et al. 2013
Desman faeces
Igea et al. 2013
Desman faeces
Desman faeces
Igea et al. 2013
Igea et al. 2013
Igea et al. 2013
Igea et al. 2013
Igea et al. 2013
Igea et al. 2013
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Desman faeces
Igea et al. 2013
Otter facces

Otter facces

Otter facces
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IBE-C4405
IBE-C4407
IBE-C4409
IBE-C4410
IBE-C4411
IBE-C4412
IBE-C4413
IBE-C4414
IBE-C4415
IBE-C4417
IBE-C4418
IBE-C4420
IBE-C4422
IBE-C4423
IBE-C4424
IBE-C4428
IBE-C4429
IBE-C4431
IBE-C4433
IBE-C4435
IBE-C4437
IBE-C4438
IBE-C4440
IBE-C4441
IBE-C4442
IBE-C4449
IBE-C4451
IBE-C4452
IBE-C4453
IBE-C4454
IBE-C4459
IBE-C4460
IBE-C4461

42.92
42.03
42.27
42.83
43.14
42.50
43.04
43.06
43.07
42.85
43.13
43.19
42.99
42.71
42.90
42.75
42.98
42.97
42.97
43.29
43.02
43.01
42.96
42.81
42.86
42.95
42.76
42.70
42.68
42.74
42.65
42.61
42.94

-7.21
-7.99
-7.65
-7.95
-9.05
-7.22
-8.10
-8.14
-8.11
-8.00
-7.49
-7.39
-7.95
-8.54
-8.19
-8.31
-7.40
-7.32
-7.44
-7.69
-7.35
-7.37
-7.48
-7.86
-7.96
-7.98
-8.08
-8.01
-8.00
-8.28
-8.17
-8.13
-7.97

Mifio
Limia
Miifio
Ulla
Grande
Mifio
Tambre
Tambre
Tambre
Ulla
Mifio
Mifio
Ulla
Ulla
Ulla
Ulla
Miifio
Mifio
Mifio
Miifio
Miiio
Mifio
Mifio
Ulla
Ulla
Ulla
Ulla
Ulla
Ulla
Ulla
Ulla
Ulla
Ulla

Otter faeces
Otter faeces
Otter facces
Otter facces
Otter faeces
Otter faeces
Otter facces
Otter faeces
Otter faeces
Otter faeces
Otter faeces
Otter faeces
Otter faeces
Otter faeces
Otter faeces
Otter facces
Otter facces
Otter facces
Otter faeces
Otter facces
Otter facces
Otter facces
Otter faeces
Otter facces
Otter facces
Otter facces
Otter faeces
Otter facces
Otter facces
Otter facces
Otter faeces
Otter facces

Otter facces



IBE-C4462 42.90 -8.01 Ulla Otter faecddd79

IBE-C4465 42.98 -7.95 Ulla Otter facces

IBE-C4466 4291 -8.16 Ulla Otter facces

IBE-C4470 42.79 -8.48 Ulla Otter faeces

IBE-C4473 42.71 -8.28 Ulla Otter faeces

IBE-C4474 42.85 -8.02 Ulla Otter facces

IBE-C4476 42.85 -7.99 Ulla Otter facces

IBE-C4477 42.86 -7.92 Ulla Otter faeces

IBE-C4478 42.90 -7.90 Ulla Otter faeces

IBE-C448 42.81 -6.38 Miifio Igea et al. 2013
IBE-C449 43.10 -6.25 Nalon Igea et al. 2013
IBE-C539 43.24 -4.58 Deva Igea et al. 2013
IBE-C618 43.09 -4.07 Duero Igea et al. 2013
IBE-C683 43.09 -4.07 Saja Igea et al. 2013
IBE-C720 43.13 -4.81 Deva Igea et al. 2013
IBE-C723 43.11 -4.76 Deva Igea et al. 2013
IBE-C779 41.58 -7.96 Duero Igea et al. 2013
IBE-C302 41.59 -7.82 Duero Igea et al. 2013
IBE-C831 41.62 -7.88 Duero Igea et al. 2013
IBE-C844 41.67 -7.47 Duero Igea et al. 2013
IBE-C8%4 41.34 -7.76 Duero Igea et al. 2013
IBE-C895 41.46 -7.81 Duero Igea et al. 2013
IBE-C919 41.54 -7.76 Duero Igea et al. 2013
IBE-C922 41.49 -7.90 Duero Igea et al. 2013
IBE-C975 43.09 -4.86 Duero Igea et al. 2013
IBE-LE0402 43.01 -5.23 Duero Desman faeces
IBE-LE0406 43.07 -3.27 Duero Desman faeces
IBE-LEO411 43.06 -5.29 Duero Desman faeces
IBE-LLE0529 43.02 -4.90 Duero Desman faeces
IBE-LE0536 42.99 -4.84 Duero Desman faeces

Igea, J., P. Aymerich, A. Fernandez-Gonzalez, J. Gonzalez-Esteban, A. Gomez, R.
Alonso, J. Gosélbez, and J. Castresana. 2013. Phylogeography and postglacial
expansion of the endangered semi-aquatic mammal Galemys pyrenaicus. BMC

Evol. Biol. 13:115.



Source of Est.

variation d.f. SS MS Variance %o P-value
Among basins 9 0.0012429 0.0001381  0.0000102  53.8 L
Within basins 147 0.0012894 0.0000087  0.0000087  406.2 ok
Total 156 0.0025324 0.0000162  0.0000189

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.

A

Others

Mifo basin

Duero basin

Figure S1. Map of the study area showing the main basins (A), and enlargement of the Mifio and Duero basins (B).
A number of smaller basins were grouped as "Others"



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 (Gémez & 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 (Gémez-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” (Gémez & 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; Martinez-Solano et al., 2006; Gongalves 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



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 Estacion
Bioldgica de Dofiana (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 pl.

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 maximume-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 (r) 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 (r1) 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 maximume-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).



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,
43.958383, -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 10" 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 10™ percentile to generate the consensus (Garcia-Porta et al., 2012; Valbuena-
Urena 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 90" 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 90" 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

A B
Clade B

h

— Clade B

-/

Clade A Clade A
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Clade B

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

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 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.
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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.

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

3.0

25

20

1.5

0.5

0.0



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 reaion and the Central Plateau (Fiaure 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
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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; Martinez-Solano et al., 2006; Goncgalves 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



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.

ACKNOWLEDGMENTS

We thank all persons who provided samples, especially Angel Fernandez Gonzalez, Pere Aymerich,
Joaquim Gosélbez, Javier Igea, Julio Gisbert, Rosa Garcia Perea and Jacinto Roman. We
acknowledge a sample from the Mammals collections of the Estacién Biologica de Dofana (EBD,
CSIC). We also thank Pedro Tarroso, Luis Machado and Joan Garcia-Porta and Javier Igea for their
advice and help in performing the analyses. This work was financially supported by research project
CGL2014-53968-P of the "Plan Nacional 1+D+| del Ministerio de Economia y Competitividad"
(Spain) to J.C, cofinanced with FEDER funds. M.Q. was supported by fellowship BES-2012-057135

of the Ministerio de Economia y Competitividad (Spain).

REFERENCES

Anderson R.P. (2012) Harnessing the world’s biodiversity data: promise and peril in ecological niche

modeling of species distributions. Annals of the New York Academy of Sciences, 1260, 66-80.

Avise J.C. (1989) Gene trees and organismal histories: a phylogenetic approach to population
biology. Evolution, 1192-1208.

Avise J.C. (2000) Phylogeography: the history and formation of species. Harvard university press,

Avise J.C., Arnold J., Ball R.M., Bermingham E., Lamb T., Neigel J.E., Reeb C.A., & Saunders N.C.
(1987) Intraspecific phylogeography: the mitochondrial DNA bridge between population genetics

and systematics. Annual review of ecology and systematics, 489-522.

Barbosa S., Paupério J., Herman J.S., Ferreira C.M., Pita R., Vale-Goncalves H.M., Cabral J.A., Garrido-
Garcia J.A., Soriguer R.C., Beja P, & others (2016) Endemic species may have complex histories: within-

refugium phylogeography of an endangered lberian vole. Molecular Ecology , 26, 951-967.

105



106

Byrne M.S., Quintana R.D., Bolkovic M.L., Cassini M.H., & Tunez J.1. (2015) The role of river drainages

in shaping the genetic structure of capybara populations. Genetica, 143, 645-656.

Castresana J. (2000) Selection of conserved blocks from multiple alignments for their use in

phylogenetic analysis. Molecular biology and evolution, 17, 540-552.

Clark PU., Dyke A.S., Shakun J.D., Carlson A.E., Clark J., Wohlfarth B., Mitrovica J.X., Hostetler
S.W., & McCabe A.M. (2009) The last glacial maximum. Science, 325, 710-714.

Consuegra S., de Leaniz C., Serdio A., Gonzalez Morales M., Straus L.G., Knox D., & Verspoor E.
(2002) Mitochondrial DNA variation in Pleistocene and modern Atlantic salmon from the lberian

glacial refugium. Molecular ecology, 11, 2037-2048.

Dormann C.F, Elith J., Bacher S., Buchmann C., Carl G., Carré G., Marquéz J.R.G., Gruber B.,
Lafourcade B., Leitao PJ., & others (2013) Collinearity: a review of methods to deal with it and a

simulation study evaluating their performance. Ecography, 36, 27-46.

Dormann C.F., M McPherson J., B Aratjo M., Bivand R., Bolliger J., Carl G., G Davies R., Hirzel A.,
Jetz W., Daniel Kissling W., & others (2007) Methods to account for spatial autocorrelation in the

analysis of species distributional data: a review. Ecography, 30, 609-628.

Drummond A.J. & Rambaut A. (2007) BEAST: Bayesian evolutionary analysis by sampling trees.
BMC evolutionary biology, 7, 214.

Elith J. (2000) Quantitative methods for modeling species habitat: comparative performance and an

application to Australian plants. Quantitative methods for conservation biology pp. 39-58.

Flemons P, Guralnick R., Krieger J., Ranipeta A., & Neufeld D. (2007) A web-based GIS tool for
exploring the world’s biodiversity: The Global Biodiversity Information Facility Mapping and Analysis
Portal Application (GBIF-MAPA). Ecological Informatics, 2, 49-60.

Furlan E.M., Griffiths J., Gust N., Handasyde K.A., Grant T.R., Gruber B., & Weeks A.R. (2013)
Dispersal patterns and population structuring among platypuses, Ornithorhynchus anatinus,

throughout south-eastern Australia. Conservation Genetics, 14, 837-853.

Garcia-Porta J., Litvinchuk S.N., Crochet P-A., Romano A., Geniez PH., Lo-Valvo M., Lymberakis
P., & Carranza S. (2012) Molecular phylogenetics and historical biogeography of the west-palearctic

common toads (Bufo bufo species complex). Molecular Phylogenetics and Evolution, 63, 113-130.

Gdémez A. & Lunt D.H. (2007) Refugia within refugia: patterns of phylogeographic concordance in
the Iberian Peninsula. Phylogeography of southern European refugia pp. 155-188. Springer,



Gomez-Campo C., Bermudez-de-Castro L., Cagiga M.J., & Sanchez-Yélamo M.D. (1984) Endemism
in the Iberian peninsula and Balearic Islands. Webbia, 38, 709-714.

Gongalves H., Martinez-Solano |., Pereira R.J., Carvalho B., Garcia-Paris M., & Ferrand N. (2009)
High levels of population subdivision in a morphologically conserved Mediterranean toad (Alytes
cisternasii) result from recent, multiple refugia: evidence from mtDNA, microsatellites and nuclear

genealogies. Molecular Ecology, 18, 5143-5160.

Graham C.H., Ron S.R., Santos J.C., Schneider C.J., & Moritz C. (2004) Integrating phylogenetics
and environmental niche models to explore speciation mechanisms in dendrobatid frogs. Evolution,
58, 1781-1793.

Guisan A. & Zimmermann N.E. (2000) Predictive habitat distribution models in ecology. Ecological
modelling, 135, 147-186.

Hewitt G. (2000) The genetic legacy of the Quaternary ice ages. Nature, 405, 907-913.

Hewitt G.M. (1999) Post-glacial re-colonization of European biota. Biological journal of the Linnean
Society, 68, 87-112.

Hijmans R. & van Etten J. (2014) raster: raster: Geographic data analysis and modeling. R package

version, 517, 2.

Hijmans R.J. (2012) Cross-validation of species distribution models: removing spatial sorting bias

and calibration with a null model. Ecology, 93, 679-688.

Hijmans R.J., Cameron S.E., & Parra J.L. (2006) WorldClim Global Climate Layers Version 1.4.

Hutterer R., Amori G., KryStufek B., Yigit N., Mitsain G., Meinig H., Bertolino S., & Palomo L.J. (2008)

Neomys anomalus.

Igea J., Aymerich P., Bannikova A.A., Gosalbez J., & Castresana J. (2015) Multilocus species trees
and species delimitation in a temporal context: application to the water shrews of the genus Neomys.

BMC evolutionary biology, 15, 1.

Igea J., Aymerich P., Fernandez-Gonzalez A., Gonzalez-Esteban J., Gémez A., Alonso R., Goséalbez
J., & Castresana J. (2013) Phylogeography and postglacial expansion of the endangered semi-

aquatic mammal Galemys pyrenaicus. BMC evolutionary biology, 13, 115.

Katoh K., Misawa K., Kuma K., & Miyata T. (2002) MAFFT: a novel method for rapid multiple sequence

alignment based on fast Fourier transform. Nucleic acids research, 30, 3059-3066.

107



108

Krystufek B., Davison A., & Griffiths H.l. (2000) Evolutionary biogeography of water shrews (Neomys

spp.) in the western Palaearctic Region. Canadian journal of zoology, 78, 1616-1625.

Lanfear R., Calcott B., Ho S.Y.W., & Guindon S. (2012) PartitionFinder: combined selection of
partitioning schemes and substitution models for phylogenetic analyses. Molecular biology and
evolution, 29, 1695-1701.

Lansman R.A., Avise J.C., Aquadro C.F, Shapira J.F., & Daniel S.W. (1983) Extensive genetic
variation in mitochondrial DNA's among geographic populations of the deer mouse, Peromyscus

maniculatus. Evolution, 37, 1-16.

Martinez-Solano |., Teixeira J., Buckley D., & GARCIA-PARIS M. (2006) Mitochondrial DNA
phylogeography of Lissotriton boscai (Caudata, Salamandridae): evidence for old, multiple refugia

in an Iberian endemic. Molecular Ecology, 15, 3375-3388.

Myers N., Mittermeier R.A., Mittermeier C.G., Da Fonseca G.A.B., & Kent J. (2000) Biodiversity

hotspots for conservation priorities. Nature, 403, 853-858.

Paradis E. (2010) pegas: an R package for population genetics with an integrated--modular

approach. Bioinformatics, 26, 419-420.

Paradis E., Claude J., & Strimmer K. (2004) APE: analyses of phylogenetics and evolution in R
language. Bioinformatics, 20, 289-290.

Pebesma E., Graeler B., & Pebesma M.E. (2016) Package “gstat.” .

Petit R.J., Aguinagalde ., de Beaulieu J.-L., Bittkau C., Brewer S., Cheddadi R., Ennos R., Fineschi
S., Grivet D., Lascoux M., & others (2003) Glacial refugia: hotspots but not melting pots of genetic
diversity. Science, 300, 1563-1565.

Phillips S., Dudik M., & Schapire R. (2012) MaxEnt 3.3. 3k. AT & T Labs-Research, Princeton

University.

Provan J. & Bennett K.D. (2008) Phylogeographic insights into cryptic glacial refugia. Trends in
ecology & evolution, 23, 564-571.

Querejeta M., Fernandez-Gonzalez A., Romero R & Castresana J. (in press). Postglacial dispersal
patterns and mitochondrial genetic structure of the Pyrenean desman (Galemys pyrenaicus) in the

north-western region of the Iberian Peninsula. Ecology and Evolution.



QGIS Development Team (2009) QGIS Geographic Information System.

Rambaut A., Suchard M.A., Xie D., & Drummond A.J. (2014) Tracer v1. 6.

Rychlik L. (1997) Differences in foraging behaviour between water shrews: Neomys anomalus and

Neomys fodiens. Acta Theriologica, 42, 351-386.

Stamatakis A. (2006) RAXML-VI-HPC: maximum likelihood-based phylogenetic analyses with

thousands of taxa and mixed models. Bioinformatics (Oxford, England), 22, 2688-90.

Stamatis C., Suchentrunk F., Moutou K.A., Giacometti M., Haerer G., Djan M., Vapa L., Vukovic
M., Tvrtkovi¢ N., Sert H., & others (2009) Phylogeography of the brown hare (Lepus europaeus) in

Europe: a legacy of south-eastern Mediterranean refugia? Journal of Biogeography, 36, 515-528.

Untergasser A., Nijveen H., Rao X., Bisseling T., Geurts R., & Leunissen J.A.M. (2007) Primer3Plus,

an enhanced web interface to Primer3. Nucleic acids research, 35, W71-W74.

Valbuena-Urefa E., Amat F., & Carranza S. (2013) Integrative phylogeography of Calotriton newts
(Amphibia, Salamandridae), with special remarks on the conservation of the endangered Montseny
brook newt (Calotriton arnoldi). PloS one, 8, e62542.

Veloz S.D. (2009) Spatially autocorrelated sampling falsely inflates measures of accuracy for

presence-only niche models. Journal of Biogeography, 36, 2290-2299.

Ventura J. (2007) Neomys anomalus Cabrera, 1907. Atlas y libro rojo de los mamiferos terrestres de
Esparia. Madrid, Spain: Direccion General para la Biodiversidad-SECEMSECEMU, 114-116.

Vignieri S.N. (2005) Streams over mountains: influence of riparian connectivity on gene flow in the

Pacific jumping mouse (Zapus trinotatus). Molecular Ecology, 14, 1925-1937.
Willerslev E., Cappellini E., Boomsma W., Nielsen R., Hebsgaard M.B., Brand T.B., Hofreiter M.,
Bunce M., Poinar H.N., Dahl-densen D., & others (2007) Ancient biomolecules from deep ice cores

reveal a forested southern Greenland. Science, 317, 111-114.

Yokoyama Y., Lambeck K., De Deckker P.,, Johnston P., & Fifield L.K. (2000) Timing of the Last

Glacial Maximum from observed sea-level minima. Nature, 406, 713-716.

109



EVOLUTIONARY HISTORY OF THE ENDEMIC MEDITERRANEAN WATER SHREW (Neomys
anomalus): GLACIAL REFUGIA WITHIN THE IBERIAN PENINSULA

Marina Querejeta & Jose Castresana

Specimen Code Latitude Longitude Basin Clade Sample Type
EBD-3530 36.92 -3.42 Guadalfeo A Nail
IBE-BC0112 42.71 -6.78 Mifio A Faeces
IBE-BCO0121 40.33 -4.92 Tajo A Faeces
IBE-BC0201 40.50 -6.22 Duero A Facces
IBE-BC0209 42.85 -5.68 Duero A Faeces
IBE-BC0246 40.28 -6.77 Duero A Faeces
IBE-BC0254 40.33 -5.77 Tajo A Faeces
IBE-BC0304 43.01 -5.31 Duero B Faeces
IBE-BC0357 40.50 -6.22 Duero A Faeces
IBE-BC0359 42.85 -5.68 Duero A Faeces
IBE-BC0374 40.34 -5.76 Tajo A Faeces
IBE-BC0396 42.96 -5.76 Duero A Faeces
IBE-BC0407 40.50 -6.23 Duero A Faeces
IBE-BC0416 40.49 -6.06 Tajo A Faeces
IBE-BC0530 40.49 -6.03 Tajo A Faeces
IBE-BC0540 42.85 -5.68 Duero A Faeces
IBE-BC0589 40.32 -5.14 Duero A Faeces
IBE-BC0392 42.85 -5.68 Duero A Faeces
IBE-BC0632 42.93 -5.56 Duero B Facces
IBE-BC0642 42.96 -5.76 Duero A Faeces
IBE-BC0662 42.97 -5.42 Duero A Faeces
IBE-BC0694 43.05 -5.32 Duero B Faeces
IBE-BC0O708 42.85 -5.68 Duero A Faeces
IBE-BC0715 42.92 -5.54 Duero A Faeces
IBE-BC0O716 42 97 -5.42 Duero B Faeces
IBE-BC0720 43.06 -5.37 Duero A Faeces
IBE-BC0726 42.88 -5.46 Duero A Facces
IBE-BC0750 43.00 -5.26 Duero B Faeces
IBE-BC0781 42.85 -5.68 Duero A Faeces
IBE-BC0874 42.94 -4.24 Duero B Faeces
IBE-BC0O907 42.85 -6.22 Duero A Faeces
IBE-BC0908 42.74 -6.21 Mifio A Faeces
IBE-BC0949 42.74 -6.19 Mirfio A Faeces
IBE-BC1027 42.93 -5.08 Duero B Faeces
IBE-BC1072 42.93 -5.12 Duero B Faeces
IBE-BC1330 40.49 -7.41 Mondego A Faeces
IBE-BC1339 40.38 -7.55 Tajo A Faeces
IBE-BC1382 40.53 -7.50 Mondego A Facces
IBE-BC1399 41.08 -3.43 Tajo A Faeces
IBE-BC1405 40.47 -7.60 Mondego A Faeces  qaple s1. Samples
IBE-BC1414 41.12 -3.49 Tajo B Faeces used in this study,
IBE-BC1416 40.53 750 Mondego A Faeces T;;gﬂfg;ﬁgjﬁ)if"
IBE-BC1417 41.22 -3.29 Tajo B Faeces studly.



IBE-BC1432
IBE-BC1436
IBE-BC1442
IBE-BC1480
IBE-BC1507
IBE-BC1543
IBE-C1029
IBE-C1054
IBE-C1061
IBE-C1114
IBE-C1144
IBE-C1435
IBE-C1510
IBE-C1515
IBE-C1516
IBE-C1518
IBE-C1520
IBE-C1662
IBE-C1683
IBE-C1750
IBE-C1789
IBE-C1856
IBE-C2520
IBE-C2604
IBE-C2605
IBE-C2664
IBE-C2843
IBE-C3230
IBE-C3237
IBE-C3244
IBE-C3247
IBE-C326
IBE-C3262
IBE-C3271
IBE-C3273
IBE-C331
IBE-C333
IBE-C3330
IBE-C3350
IBE-C3394
IBE-C3430
IBE-C3456
IBE-C3458
IBE-C3463
IBE-C3493
IBE-C360

41.10
41.17
40.33
40.35
40.44
40.36
42.98
42.10
42.13
42.95
43.10
41.71
40.34
40.37
42.09
40.49
40.51
41.97
42.17
40.34
40.26
43.21
43.10
40.89
43.11
40.66
40.28
41.67
43.17
41.37
43.06
43.10
40.34
41.57
43.05
43.19
43.32
40.32
40.36
43.17
42.19
42.22
42.10
42.13
43.17
43.26

-3.49
-3.38
-7.59
-7.56
-7.51
-7.56
-4.75
-2.90
-2.93
-4.76
-6.65
-4.99
-5.77
-5.75
-6.72
-6.01
-6.13
-2.61
-6.66
-5.76
-5.52
-5.20
-5.58

0.11
-5.23
-0.19
-5.23
-7.47
-5.39
-7.79
-5.56
-5.01
-5.13
-7.68
-5.28
-4.91
-4.86
-5.42
-5.27
-4.66
-2.93
-2.66
-2.71
-2.48
-6.14
-4.76

Tajo
Tajo
Tajo
Tajo
Mondego
Tajo
Duero
Ebro
Ebro
Duero
Nalon
Duero
Tajo
Tajo
Duero
Tajo
Tajo
Duero
Duero
Tajo
Duero
Sella
Nalon
Ebro
Nalon
Ebro
Duero
Duero
Nalon
Duero
Nalon
Duero
Duero
Duero
Duero
Deva
Deva
Duero
Duero
Deva
Ebro
Ebro
Ebro
Ebro
Nalon
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Facces
Facces
Faeces
Faeces
Faeces
Faeces
Facces
Faeces
Faeces
Faeces
Igea et al. 2015
Igea et al. 2015
Faeces
Faeces
Faeces
Faeces
Faeces
Igea et al. 2015
Igea et al. 2015
Facces
Igea et al. 2015
Faeces
Faeces
Faeces
Facces
Igea et al. 2015
Faeces
Faeces
Faeces
Faeces
Facces
Faeces
Faeces
Facces
Faeces
Faeces
Faeces
Faeces
Facces
Facces
Faeces
Faeces
Faeces
Facces
Facces
Faeces
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IBE-C3611
IBE-C3617
IBE-C3690
IBE-C370
IBE-C3794
IBE-C385
IBE-C3946
IBE-C3947
IBE-C4023
IBE-C4042
IBE-C4090
IBE-C4337
IBE-C4339
IBE-C4347
IBE-C4487
IBE-C4499
IBE-C4505
IBE-C4511
IBE-C4515
IBE-C4618
IBE-C524
IBE-C529
IBE-C544
IBE-C568
IBE-C573
IBE-C597
IBE-C630
IBE-C637
IBE-C688
IBE-C690
IBE-C692
IBE-C698
IBE-C740
IBE-C748
IBE-C761
IBE-C785
IBE-C825
IBE-C843
IBE-S1920
VM77-31-B

WM04-S061-B
WMO04-S063-B

WMO05-01-A
XX23-02-A

42.91
42.97
43.15
43.11
42.68
43.23
43.07
43.06
43.06
43.13
41.50
43.00
43.11
43.00
42.16
42.10
42.01
42.07
43.38
41.04
43.06
42.09
43.10
42.99
43.01
42.98
43.26
43.20
43.14
43.13
43.26
43.15
43.25
43.18
43.03
42.75
41.59
41.64
42.76
42.20
41.97
41.99
42.08
40.85

-5.40
-5.56
-5.96
-4.74
-8.28
-5.03
-5.02
-5.09
-3.73
-3.61
-3.78
-2.84
-3.68
-2.84
B3.17
-3.06
-3.02
-3.04
-6.36
-3.82
-6.24
-6.71
-5.81
-6.00
-6.23
-4.18
-4.27
-4.30
-5.06
-3.04
-4.81
-4.91
-4.84
-5.00
-4.22
-8.42
-7.80
-7.80
-2.59
-3.27
-2.92
-2.92
-2.98
-3.95

Duero
Duero
Nalon
Deva
Ulla
Sella
Duero
Duero
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Ebro
Duero
Ebro
Ebro
Ebro
Duero
Duero
Duero
Ebro
Nalon
Duero
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Duero
Nalon
Duero
Mifio
Ebro
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Sella
Deva
Deva
Deva
Sella
Ebro
Ulla
Duero
Duero
Ebro
Duero
Duero
Duero
Ebro
Tajo
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Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
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Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
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Faeces
Faeces
Faeces
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Faeces



ST,

Source of variation d.f. S8 MS Variance % P-value
Among basins 9 0.006316627 0.0007895784 5.1116¢-05 13 A
Within basins 147 0.031430801 0.0003343702 3.3437e-04 87 sk

Total 156 0.037747428 0.0003700728 0.0003835486

% is the percentage of variance explained by the isolation of river basins.

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).
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Figure S1. A) Interpolation of the nucleotide diversity for clade A. B) Interpolation of the nucleotide diversity for clade B.
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Figure S2.

A) Projection of the species
distribution model to the current
climate scenario.

B) Projection 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, | 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, | 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 lberian 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



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,
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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 (Gémez-Campo et al., 1984; Gémez & 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 (Gomez & 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 ltalian Peninsula or the Balcans. These large refugia are known to have had many small
refugia (Gomez-Campo et al., 1984; Gémez & Lunt, 2007). The cases of the Pyrenean desman and

the Mediterranean water shrew are not isolated; there are several species whose glacial refugia



were inside the Iberian Peninsula, such as the European hare (Lepus europeaus) (Stamatis et al.,
2009) or the beetle Timarcha (Gémez-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 lberian 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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CONCLUSIONS

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, Curuefo

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)
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9.

10.

11.

12.

13.

14.

15.

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)

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)

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)

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)

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)

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)

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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