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We live on an island surrounded by a sea of ignorance. 
As our island of knowledge grows, so does its shore 
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Abstract

A better understanding of how the physical and temporal factors structure populations 
and shape species ranges is essential to both their long-term conservation and management. 
The main aim of this thesis is to gain insights into the intraspecific phylogeny, population 
genetics, and habitat suitability of several elusive European mustelids [the European otter 
(Lutra lutra), the European pine marten (Martes martes) and the stone marten (M. foina)], 
through the application of molecular techniques. Firstly, the results of a systematic non-in-
vasive genetic survey were used to determine the current distribution and population size of 
the endangered European otter in the northern Iberian Peninsula (Basque Country). Otter 
spraints, confirmed at specific level by means of mtDNA sequencing, were individually iden-
tified through microsatellite and sex-genotyping, which enabled us to record the contem-
porary range expansion of this elusive mustelid at a regional scale, and to perform the first 
population and density estimations, essential to redefine population status in order to design 
management and conservation programs. Further, non-invasive genetic sampling was also 
successfully applied to build a reliable and representative Martes spp. presence dataset (i.e. 
pine and stone marten) where locations from a long-term non-invasive genetic monitoring 
and unequivocal species records (i.e. road-killed, live-trapped and camera-trapped individ-
uals) were combined. This information was then used to investigate how different environ-
mental variables, measured at varying spatial scales, shape the distribution of these close-
ly-related and sympatric species with similar ecological requirements. Interestingly, once 
corrected for sampling bias, the optimized habitat suitability models were compared, detect-
ing a significant niche divergence among the pine and the stone marten in a sympatric area 
of northern Spain. Lastly, the species identification from scats was successfully employed 
to measure the variation in the pine marten marking intensity, indicative of habitat use and 
selection in NW Italy. The relative abundance of scats was found to be dependent on the 
structure and fragmentation of the residual forests, stressing the role of riparian woods as 
corridors for the pine marten colonization in highly-agricultural landscapes. Then, we filled 
current knowledge gaps in the phylogeography and population genetics of one of the least 
studied marten, the stone marten, at different spatial scales (Iberian Peninsula and Europe). 
Both studies were conducted combining mtDNA sequencing and microsatellite genotyping 
from tissue and hair samples. In the first study, within Iberia, microsatellite analyses led to 
the detection of a marked NE-SW cline in genetic diversity, a strong and pervasive isola-
tion by distance pattern and three genetic breaks corresponding, largely, to the presence of 
the three main rivers (i.e. Ebro, Tagus and Guadiana). Besides, the lack of phylogeographic 
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structure in stone marten mtDNA data was consistent with a single colonization event. Re-
garding the study conducted across European M. foina populations, results were congruent 
with an scenario where several regions acted as potential glacial refugia (i.e. Iberian, Italian, 
and Balkans peninsulas, and the Pannonian basin) during Pleistocene glaciations, and re-
current secondary contacts of haplotypes from distinct origins during consecutive intergla-
cial periods. Thus, a contraction-expansion model during Pleistocene climatic oscillations 
was detected which corresponded with to that of an ecological flexible mammal occupy-
ing wide range of habitats. The early divergence estimated for the stone marten East-West 
split (0.55 Mya), categorically contradicts the prevailing hypothesis, according to which the 
stone marten´s first entrance and posterior dispersal followed the Neolithic farming cultures 
from the Near East to Southwestern Europe during the Holocene. Overall, this PhD thesis 
highlighted how the combination of different molecular techniques can provide important 
contributions to the knowledge on the phylogeography, population genetics, and habitat use 
and suitability for the otter, the pine and the stone marten. This information is central in 
guiding the effective conservation and management action in these species, and in providing 
a methodological framework for other carnivores.

Keywords: Martes foina, Martes martes, Lutra lutra, non-invasive genetic sampling,  
mtDNA, microsatellites, Habitat suitability modeling, niche divergence, phylogeography, 
genetic structure.
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Resumen

El mantenimiento y la conservación de la diversidad genética de cualquier especie re-
quieren conocer su variabilidad genética y establecer cómo ésta se distribuye a lo largo de 
las diferentes poblaciones que la componen. En este sentido, los datos moleculares son esen-
ciales para poder obtener una aproximación adecuada y entender los procesos que configu-
ran la estructura genética a nivel intraespecífico. Estos datos proporcionan la información 
necesaria para entender, tanto la distribución genética actual, como la historia evolutiva de 
cada especie, información que puede ser utilizada como referencia en cualquier programa 
de conservación. 

El objetivo principal de esta tesis es obtener información acerca de la filogenia intraespe-
cífica, la genética de poblaciones y la idoneidad de hábitat (“habitat suitability”) de varios 
mustélidos europeos (Carnivora, Mammalia) mediante la aplicación de diferentes técnicas 
moleculares. Esta tesis combina aproximaciones y metodologías de diferentes disciplinas 
-tales como filogenias moleculares, genética de poblaciones, genética del paisaje o mode-
lización de la idoneidad del hábitat- para explorar algunos de los principales patrones y 
procesos evolutivos y ecológicos de 3 especies de la familia Mustelidae: la nutria Europea 
(Lutra lutra, Linnaeus, 1758), la marta Europea (Martes martes, Linnaeus, 1758) y la gardu-
ña (Martes foina, Erxleben, 1777). Esta información pretende contribuir a obtener un mejor 
conocimiento de la ecología y la historia evolutiva de estas especies, y proporcionar datos 
relevantes para la conservación de su diversidad genética. 

Capítulo I

En el capítulo introductorio se realiza una descripción de las distintas disciplinas aborda-
das a lo largo del resto de los capítulos para contextualizar los cinco artículos incluidos en 
esta tesis. Además, se incluye una revisión de los estudios moleculares más significativos en 
el ámbito de la ecología molecular de los géneros Lutra y Martes, así como de los trabajos en 
los que se establecen comparaciones interespecíficas sobre el uso y selección del hábitat de 
la marta y la garduña.

Capítulo II

Este capítulo engloba tres de los cinco trabajos incluidos en esta tesis (Artículos 1, 2 y 
Apéndice 1). Todos ellos se basan en la aplicación de técnicas moleculares en muestras no 
invasivas, en las que el material genético se obtiene sin necesidad de capturar o interferir con 
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la especie objeto de estudio. La identificación y seguimiento genético a través de muestreos 
genéticos no invasivos, en particular a partir de muestras de excrementos, se considera un 
método fiable y efectivo para el seguimiento de carnívoros elusivos, crípticos o en peligro de 
extinción. En este caso, el ADN extraído a partir de las muestras fecales se utilizó para deter-
minar de manera no invasiva el origen específico de las muestras (nutria, marta o garduña) y 
determinar de manera precisa la distribución de las diferentes especies con el fin de abordar 
diferentes cuestiones ecológicas.

Artículo 1: “Individual identification and distribution assessment of otters (Lutra lu-
tra) through non-invasive genetic sampling: Recovery of an endangered species in the 
Basque Country (Northern Spain)” -“Identificación individual y distribución de la nu-
tria (Lutra lutra) mediante técnicas moleculares no invasivas: recuperación de una espe-
cie amenazada en el País Vasco.” Mammalian Biology 79 (2014) 259–267.

En este trabajo se emplearon técnicas genéticas no invasivas para realizar un seguimiento 
de las poblaciones de nutria en el País Vasco. Esta metodología resulta muy idónea para la 
vigilancia y el estudio de las poblaciones de nutria debido, en gran parte, a la linealidad de 
sus desplazamientos y sus características de marcaje. En España, como en muchos países 
europeos, las poblaciones de nutria se han visto reducidas progresivamente desde mediados 
del siglo XX y en particular desde 1960. Sin embargo, los tres sondeos nacionales de nutria 
llevados a cabo en 1985, 1996 y 2006 registraron un aumento significativo en la distribución 
de la especie, que pasó de estar presente únicamente en un 33% del territorio a ocupar el 
50% y el 70%. No obstante, la nutria sigue ausente, o presente en muy bajas densidades, en 
algunas regiones españolas como el País Vasco, donde se encuentra incluida en el Catálogo 
Vasco de Especies Amenazadas como “En Peligro de Extinción” y, desde 2004, cuenta con 
un Plan de Gestión en Álava, el único territorio de la Comunidad Autónoma del País Vasco 
con presencia estable de la especie. Durante el periodo 2007-2010 se realizó un muestreo 
sistemático para la obtención de muestras fecales en diferentes ríos, arroyos y humedales de 
la provincia de Álava y zonas limítrofes con el fin de determinar la distribución espacial de 
la nutria y estimar su tamaño poblacional. Todas las muestras fueron identificadas a nivel 
específico, previo al proceso de genotipado, mediante la secuenciación de un fragmento 
diagnóstico de 226 pb del ADNmt. Del total de las 132 muestras analizadas, un 98,4% per-
tenecieron a la especie en cuestión, lo que se tradujo en un aumento de la distribución de la 
nutria del 25%, basado en cuadrículas UTM 10×10 km ocupadas por la especie, y un claro 
patrón de recolonización aguas arriba de los principales ríos. Las muestras identificadas 
como nutria fueron posteriormente genotipadas a nivel individual mediante una batería de 
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11 marcadores microsatélites y sexadas mediante el tipado del gen ZFX/ZFY ligado a ambos 
cromosomas sexuales. De esta forma, se obtuvo un perfil genético individual completo para 
un total de 55 muestras (éxito de genotipado del 43%). Tras un proceso de reagrupamiento 
de muestras se identificaron un total de 20 ejemplares: 6 machos, 11 hembras y 3 ejemplares 
con sexo indeterminado. La densidad media en los ríos con presencia continuada de nutria 
ha sido de 0,09 nutrias/km (0.06-0.12). Este trabajo ha permitido poner a punto toda una 
metodología de seguimiento y censo de las poblaciones de nutria mediante muestras fecales 
en Álava, aspecto de gran importancia para realizar una adecuada gestión y conservación 
de la especie.

Artículo 2: “Shaken but not stirred: Multiscale habitat suitability modeling of sympa-
tric marten species (Martes martes and Martes foina) in the northern Iberian Peninsu-
la”–“Juntas pero no revueltas: modelización predictiva multiescala de la idoneidad del 
hábitat de las especies simpátricas (Martes martes y Martes foina) en el norte de la Penín-
sula Ibérica”. Journal: Landscape Ecology (Invited special issue). Status: Submitted.

En este trabajo se combinaron los resultados del seguimiento genético no invasivo reali-
zado durante el periodo 2005-2012 con los registros de las especies obtenidos en el marco 
de otros estudios de fauna (i.e. ejemplares atropellados, ingresados en centros de fauna, fo-
to-trampeados y/o trampeados en vivo), para crear una amplia base de datos de presencia 
de marta y garduña (n=1286). Estos datos se emplearon posteriormente para estudiar cómo 
las diferentes características del paisaje afectan a la distribución de estas especies por medio 
de la modelización de la idoneidad de hábitat (“Habitat Suitability Modeling, HSM”) de cada 
una de ellas y, posteriormente, evaluar si existen diferencias de nicho ecológico significativas 
entre ambas especies cuando coexisten. Estudios recientes han demostrado que la hetero-
geneidad del hábitat influye en la distribución y la abundancia de las especies a diferentes 
escalas, y que las respuestas ecológicas de los organismos varían también en función de la 
escala de análisis. Por lo tanto, los modelos de idoneidad de hábitat mutiescala y multies-
pecíficos resultan de gran utilidad para identificar las variables ambientales que influyen en 
la selección de hábitat y sus escalas y facilitar la comparación de la distribución de especies 
estrechamente relacionadas pero que potencialmente presentan diferentes requerimientos 
ecológicos. En este trabajo, previo a la elaboración de los modelos, se analizaron por separa-
do las 40 variables de usos del suelo, topográficas y climatológicas para cada una de las 9 es-
calas (usando ventanas con radios de 125 m a 32 km), con el fin de seleccionar aquella escala 
a la que cada variable se encontraba asociada de manera más significativa a la presencia de 
cada una de las especies. Posteriormente, el subconjunto de variables se empleó para elabo-
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rar 300 modelos de idoneidad de hábitat o HSMs para cada una de las especies y seleccionar 
aquellos que presentaban los mejores rendimientos.

Una limitación de los modelos de idoneidad de hábitat es que, cuando los datos de pre-
sencia de las especies derivan de observaciones oportunistas en lugar de muestreos sistemá-
ticos, hay áreas que se muestrean más que otras, por lo que se introduce un sesgo en el mues-
treo. Por tanto, en este trabajo se exploraron tres de las correcciones más utilizadas, a cuatro 
escalas diferentes, con el objetivo de subsanar el sesgo de muestreo y optimizar los HSMs  
identificados como los más acertados para la marta y para la garduña con el fin último de 
compararlos. De este modo, se detectó una significativa diferenciación de nichos entre estas 
especies simpátricas. En el área de estudio, la marta se asocia con las zonas más frías, con 
alta proporción de bosques naturales y plantaciones forestales, menor grado de perturba-
ción humana y mosaicos agroforestales de mediano tamaño. La garduña, sin embargo, se 
encuentra relacionada con zonas urbanas, tierras de cultivo, zonas con presencia parcial 
de matorral y la disponibilidad de pastizales semi-continuos. Por tanto, este estudio pone 
de manifiesto cómo las diferentes características del paisaje, medidas a diferentes escalas 
espaciales, condicionan la distribución y preferencias de hábitat de la marta y de la garduña. 
Además, este trabajo proporciona un marco metodológico para futuras comparativas entre 
múltiples especies y escalas.

Apéndice 1: “Distribution and habitat use by pine marten in a riparian corridor cros-
sing intensively cultivated lowlands”–“Distribución y uso del hábitat de la marta en un 
corredor ribereño que cruza zonas bajas intensamente cultivadas”. Ecological Research 
(2015). Doi: 10.1007/s11284-014-1220-8.

En este trabajo, la identificación genética a partir de excrementos se utilizó con éxito para 
medir la variación en la intensidad de marcaje de la marta. En este estudio, la abundancia 
relativa de muestras fecales aparece relacionada con la estructura y la fragmentación de los 
bosques residuales. Como resultado más significativo, se puso de manifiesto el papel funda-
mental de los bosques de ribera como corredores en la colonización de la marta en paisajes 
altamente agrícolas del Noroeste de Italia.

Capítulo III

El Capítulo III se centra en el estudio de la filogeografía y genética de poblaciones de la 
garduña a lo largo de su rango de distribución occidental. La filogeografía es una disciplina 
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que trata de establecer los patrones y los procesos que rigen la distribución geográfica de los 
linajes y su diversidad genética. La filogeografía, además, sirve de puente entre la filogenia 
y la genética de poblaciones, e incorpora información complementaria de otras disciplinas, 
por lo que ha sido ampliamente utilizada en diferentes campos como por ejemplo la ecología 
o la conservación. 

Los resultados obtenidos a partir de los estudios sobre la filogeografía y la genética de 
poblaciones de la garduña en la Península Ibérica (Artículo 3) y el estudio posterior desarro-
llado a escala continental, incluyendo todas las muestras obtenidas en Europa (Artículo 4), 
se presentan en el Capítulo III. Ambos trabajos comparten los mismos marcadores molecu-
lares (secuencias de ADN mitocondrial y genotipado de microsatélites) y el tipo de muestra 
(tejido o pelo), para responder a preguntas similares pero a diferentes escalas geográficas, 
permitiendo obtener conclusiones complementarias.

Artículo 3: “Inferring population genetic structure in widely and continuously distri-
buted carnivores: the stone marten (Martes foina) as a case study”–“Estudio de la estruc-
turación genética en carnívoros con distribución amplia y continua: la garduña (Martes 
foina) como caso de estudio”. Journal: Plos One. Status: Under review. 

Este trabajo, que se centró en las poblaciones de la garduña en la península Ibérica,  repre-
senta el primer estudio filogenético a nivel intraespecífico desarrollado sobre esta especie. La 
garduña es un mustélido ampliamente distribuido en la región paleártica con preferencias de 
hábitat variables a lo largo de su área de distribución. Según los restos fósiles, la especie llegó 
a la península desde del suroeste de Asia siguiendo la expansión humana del Neolítico hace 
aproximadamente 7.000 años. Sin embargo, tanto la biogeografía como la estructura gené-
tica de este carnívoro generalista siguen siendo una incógnita. En este estudio se combinó 
la información inferida a partir de la secuenciación de un fragmento de ADN mitocondrial 
(620 pb) y el genotipado de 23 marcadores microsatélites polimórficos para determinar la 
estructura genética de las poblaciones de garduña en la Península Ibérica. Los datos obte-
nidos no evidenciaron la presencia de estructuración filogeográfica a nivel mitocondrial, lo 
que parece indicar una colonización relativamente reciente de la península que coincidiría 
con los datos fósiles publicados. Sin embargo, en este trabajo se apuntó también la importan-
cia de ampliar el área de estudio con el fin de verificar dicha hipótesis.

Los datos obtenidos mediante marcadores microsatélites se analizaron con a) diferentes 
métodos de agrupación Bayesiana, espaciales y no espaciales (STRUCTURE, TESS, BAPS y 
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GENELAND), y b) Métodos multivariantes [Análisis Discriminante de Componentes Prin-
cipales (DAPC) y Análisis espacial de componentes principales (o SPCA por sus siglas en 
inglés)]. El aislamiento por distancia es un patrón genético espacial muy común en especies 
con distribuciones continuas y puede presentar un reto para el desempeño de los métodos 
anteriores. En este trabajo se detectó un patrón espacial noreste-suroeste en la estructura-
ción genética de la garduña, lo que podría explicar la discrepancia observada entre los dife-
rentes resultados de agrupación obtenidos por los diferentes métodos. La división genética 
detectada entre las 3 subpoblaciones se correspondió con la presencia de los ríos Ebro, Tajo 
y Guadiana, lo que sugiere que los principales cursos de agua en la Península Ibérica podrían 
actuar como barreras semipermeables para el flujo genético de la especie. Este trabajo se 
abordó por primera vez el análisis de la estructuración genética de la especie en una amplia 
escala geográfica, recalcando la importancia y los beneficios que reporta la utilización y la 
comparación de varios métodos de agrupación y de análisis multivariante en los estudios 
genéticos de especies con áreas de distribución amplias. 

Artículo 4: “Phylogeography and population genetic structure of the stone marten 
(Martes foina) in Europe”–“Filogeografía y estructuración genética poblacional de la 
garduña (Martes foina) en Europa“. Manuscript.

Para la realización de este trabajo, se llevó a cabo una importante labor de búsqueda de 
muestras de pelo y tejido de garduña (en museos, colecciones privadas, centros de fauna y 
otras enviadas por investigadores de campo), lo que nos permitió obtener y analizar 751 
muestras recogidas en 29 países europeos y de Oriente Próximo (Israel e Irán). Sobre estas 
muestras, se aplicaron los mismos marcadores mitocondriales y microsatélites empleados en 
el artículo 3 con el fin de: i) estudiar los principales patrones filogeográficos de la garduña 
para conocer la historia biogeográfica de la especie en el continente Europeo, ii) estimar el 
periodo de entrada y posterior diversificación de los linajes de la garduña en Europa, iii) tes-
tar la teoría postulada por varios autores, según la cual la especie habría colonizado Europa 
siguiendo la expansión humana del Neolítico, y  iv) obtener una primera aproximación acer-
ca de la estructuración poblacional actual de la garduña en Europa. Los resultados obtenidos 
indicaron una importante diferenciación de las poblaciones de garduña en Europa en dos 
linajes principales (Oeste y Este) que tuvo lugar  hace aproximadamente 0.55 millones de 
años (Pleistoceno Medio), lo que contradice categóricamente la hipótesis preestablecida que 
relacionaba  la expansión de la garduña con la entrada de la cultura Neolítica en Europa. El 
clado del Oeste lo componen principalmente los individuos muestreados en Europa Occi-
dental, desde la Península Ibérica a Dinamarca. Dentro del clado del Este, que presenta ma-



yor diversidad genética, se diferencian tres clusters designados como ‘Balcanes’, ‘Italia-Norte 
de Europa ‘ y ‘ Centro-Norte de Europa’. Así, la diferenciación genética y geográfica observa-
da entre estos linajes parece ser el resultado de la fragmentación del área de distribución de 
la garduña y el posterior aislamiento y divergencia de sus poblaciones durante el Cuaterna-
rio, confinadas en distintos refugios glaciares. Se han postulado tres refugios Mediterráneos 
ubicados en las penínsulas Ibérica, Itálica y Balcánica, y un cuarto refugio críptico poten-
cialmente localizado en la Llanura Panónica (Los Cárpatos). Además, atendiendo a la red de 
haplotipos, la zona de Grecia pudo actuar como un refugio independiente dentro de la zona 
de los Balcanes. La distribución y estructuración genética actual de la especie sugiere que, 
durante los recurrentes períodos interglaciares, se habrían sucedido diferentes contactos se-
cundarios entre poblaciones de orígenes distintos, que habrían sido facilitados por la gran 
capacidad dispersiva de la especie, o bien debido a procesos de introducción-translocación 
humana, como se infiere de otros estudios filogeográficos en carnívoros. En este caso, los 
linajes parecen converger en Europa Central que arroja los valores más elevados de diver-
sidad, tanto a nivel mitocondrial como nuclear. Este trabajo nos ha permitido profundizar 
acerca de la filogeografía y la estructuración genética de la garduña en Europa y conocer una 
historia evolutiva profundamente ampliamente influenciada por las glaciaciones del Pleisto-
ceno y mucho más antigua de la que se postulaba en estudios previos basados en evidencias 
fósiles. 

Capítulo IV

En este último capítulo se presenta un resumen de las principales conclusiones contenidas 
en los capítulos anteriores y las contribuciones más relevantes de este trabajo al conocimien-
to y conservación de las especies objeto de estudio y a las disciplinas bajo las que se enmarca. 
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Preface

This thesis is divided into 4 chapters. The general framework is given by the introduction 
(Chapter I), where I briefly describe the main subdisciplines in molecular ecology and hab-
itat suitability modeling addressed in the dissertation. Then, I reviewed the main and most 
significant and comparable molecular studies conducted on genera Lutra and Martes and 
those focused on the interspecific habitat use and suitability comparisons among the sym-
patric pine marten (Martes martes) and stone marten (Martes foina), to contextualize each 
of the 5 manuscripts reported in the present work.

Three papers are included under Chapter II, all based on the genetic species identification 
of the target species [i.e. Eurasian otter (Lutra lutra), pine marten and stone marten)] from 
non-invasively collected faecal samples, to address different ecological questions: 

First, in Paper 1, the results of a systematic non-invasive genetic survey were used to 
determine the current distribution and population size of the endangered European otter 
population in the northern Iberian Peninsula (Basque Country). Otter spraints, genetical-
ly confirmed at specific level by means of mtDNA sequencing, were individualy identified 
through microsatellite and sex-genotyping, which enabled to record the contemporary ex-
pansion of this elusive mustelid at regional scale and to perform the first population and 
density estimations, essential to redefine population status and to design successful and ef-
fective management and conservation programs. 

In Paper 2, to build a representative marten´s presence dataset, locations from a long-
term non-invasive genetic monitoring and from unequivocal species records (i.e. road-
killed, live-trapped and camera-trapped individuals) were combined. This information was 
then used to investigate how different landscape characteristics, measured at varying spa-
tial scales, shape the distribution of each species in the northern Iberian Peninsula (Basque 
Country and Navarre). Once corrected for potential sampling bias, the resulting optimized 
habitat suitability models were compared, detecting a significant niche divergence among 
the pine and the stone marten.

In the third paper, included as an appendix (Paper Appendix 1), the species identification 
from scats was successfully employed to measure the variation in the pine marten marking 
intensity, and to explore habitat use and selection at microgeographic scale in NW Italy. The 
relative abundance of scats was found to be dependent on the structure and fragmentation 
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of the residual forests, stressing the role of riparian woods as corridors for the pine marten 
colonization in highly-agricultural landscapes.

Both the phylogeography and population genetics of the stone marten in the Iberian Pen-
insula (Paper 3), and the extended research conducted across Europe (Paper 4) are report-
ed in Chapter III. These studies share the same genetic markers (mtDNA sequences and 
microsatellite markers, n = 23) and sample type (tissue and hair) to answer similar ques-
tions about the instraspeciphic phylogenetics and the current population genetic structure 
at different spatial scales. In Iberia, microsatellite analyses led to the detection of a marked 
NE-SW cline in genetic diversity, a strong and pervasive isolation by distance pattern, and 
genetic breaks largely corresponding to the presence of the three main rivers (i.e. Ebro,Tagus 
and Guadiana). In this case, the lack of phylogeographic structure in the stone marten mtD-
NA data, was consistent with a single colonization event. Concerning the study conducted 
across European M. foina populations, results were congruent with a scenario with several 
regions acting as potential glacial refugia during Pleistocene glaciations (i.e. Iberian, Italian, 
and Balkan peninsulas, as well as the Pannonian basin), and recurrent secondary contacts 
of haplotypes from distinct origins during consecutive interglacial periods, favored by the 
great dispersal ability of the species and/or human mediated introductions/translocations. 
The early divergence estimated for the stone marten East-West split (0.55 Mya), categorically 
contradicts the prevailing hypothesis, according to which the stone marten first entrance 
into Europe and posterior dispersal followed the Neolithic farming cultures from the Near 
East to Southwestern Europe during the Holocene. 

Finally, in Chapter IV, I summarized the major findings from the previous chapters and 
the most important contributions of this work to the field and to the knowledge and conser-
vation of the otter, the pine marten and the stone marten.
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1. Fields of study

The multidisciplinary nature of this thesis makes necessary not only to explain each of the 
main disciplines addressed, but also to briefly describe how they interlace with each other.  
Thus, the subdisciplines that set the frame for this work are listed below. 

1.1. Molecular Ecology

Ecology is a branch of biology focused on the study on how organisms interact with each 
other as well as in the interactions among organisms and their environment (Freeland et al 
2011). These relationships were historically explored by direct observations in the field or 
experimental manipulations using phenotypic data alone (i.e. the expression of genes in an 
observable way) contributing, significantly, to the knowledge of processes that maintain eco-
systems (Freeland et al 2011). Used in isolation, however, phenotypic data has some limita-
tions as, under different environmental conditions, a single genotype can develop into mul-
tiple alternative phenotypes (Ouborg et al 2010). Precisely, this complex interaction among 
genotypes, phenotypes and environmental conditions, is what makes the development of 
cost-effective molecular methods necessary (Freeland et al 2011). 

The discovery, nearly 50 years ago, of how individual genetic variation could be quan-
tified based on the variance in the structure of proteins (Harris 1966) was considered one 
of the first step of the discipline of molecular ecology, which is, essentially, the application 
of different molecular genetic techniques to answer traditional ecological and evolutionary 
questions (Freeland et al 2011). Molecular ecology encompasses a wide range of aspects such 
as: a) the study of the relatedness, behavior and dispersal of individuals across landscapes, 
b) the interaction between different taxa, hybridization, and formation of new species, or c) 
the evolution and genetics of ecologically important traits (Andrew et al 2013). Since its ori-
gins, this discipline has continuously evolved, incorporating the latest analytical approaches 
and methodologies to address previously unanswerable ecological questions and to evalu-
ate hypothesis that remained untested (Andrew et al 2013). Definitely, the development of 
analytical methods that facilitate the rapid acquisition of large amounts of genotypic data, 
the availability of user-friendly software to analyze massive data sets and the continuous in-
crease in theories to interpret those results have been essential drivers of molecular ecology 
(Beebee and Rowe 2008; Andrew et al 2013).
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1.2. Genetic monitoring and non-invasive genetic sampling

Genetic monitoring has become an important tool for wildlife conservation and manage-
ment, offerring insights into evolutionary and demographic processes in either captive or 
natural populations impossible to obtain using traditional methods (Allendorf and Luikart 
2007; Schwartz et al 2007).

In genetic monitoring, diagnostic genetic markers are used to identify genera, species, 
subspecies and genetically differentiated populations in order to monitor the temporal 
changes in populations genetic metrics (i.e. genetic diversity, population size or Ne) and the 
consequences of anthropogenic impact on wild species (Wayne and Morin 2004; Schwartz et 
al 2007). Besides, the identification of individuals allow tracking their movements over time, 
identifying migrants, estimating sex-ratios and abundances and assesing species distribution 
(Allendorf and Luikart 2007). Depending on the sample type, the genetic monitoring can 
be invasive (e.g. tissue, hair or blood samples from live trapped animals) or non-invasive, 
where the DNA is obtained from different sources such as feces, urine, saliva, or shed hair 
and feathers without capturing or even observing the animal and thus, avoiding disturbance 
to wild populations (Allendorf and Luikart 2007; Beja-Pereira et al 2009). Thus, species and 
individual identification via non-invasive genetic sampling, particularly from scats samples, 
is considered a reliable and cost-effective way for monitoring elusive, cryptic or endangered 
carnivores (Taberlet and Luikart 1999; Waits and Paetkau 2005; Schwartz and Monfort 2008; 
Bonesi et al 2012; Ruiz-González et al 2013b). 

1.3. Conservation genetics in endangered and common species

Genetic diversity is recognized as a fundamental component of biodiversity and has be-
come a recurrent objective for conservation biology because of its implications for under-
standing the biology of species and populations (Noos 1990). Genetic diversity, also called 
genetic variability, is critical for populations to cope with environmental change and both 
the short and long-term persistence of populations and species (Ouborg et al 2010), thus, a 
central issue in conservation genetics is the amount of genetic variation present (Pertoldi et 
al 2007). In this context, the increasingly available DNA analysis methods have favored a rise 
to conservation studies on the genetic diversity and the causes of spatio-temporal popula-
tion dynamics in different taxa (Allendorf and Luikart 2007; Schwartz et al 2007).

Since its foundation in the 80´s (Soulé and Wilcox 1980; Frankel and Soulé 1981), the role 
of conservation genetics has steadily increased, shifting from a branch of conservation biol-

http://en.wikipedia.org/wiki/Conservation_management_system
http://en.wikipedia.org/wiki/Genetic_diversity
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ogy to a full-grown empirical discipline (Frankham et al 2002; Allendorf and Luikart 2007; 
Pertoldi et al 2007; Ouborg et al 2010). Certainly, the technical breakthroughs on DNA anal-
ysis have been important drivers of the expanded role of genetics in conservation (De Salle 
and Amato 2004). Conservation genetics is an interdisciplinary science aiming to minimize 
the risk of extinction from genetic factors. Briefly, this discipline encompasses a) the genetic 
management of small populations to maximize retention of genetic diversity and minimize 
inbreeding, b) the resolution of taxonomic uncertainties and delineation of management 
units, and c) the use of molecular genetic analyses in forensics and to understand species´ 
biology (Frankham et al 2002). 

In practice, although not in principle, conservation is a crisis discipline that prioritizes 
rare species, including those in risk of extinction (e.g. the European otter), constrained into 
small populations within restricted geographic ranges and thus, common species occurring 
in large numbers (e.g. the stone marten) receive little of none attention (Gaston and Fuller 
2008). There are, however, various sound cases of how once widespread species are currently 
in danger of disappearing (e.g. the European bison, Bison bonasus) or have already became 
extinct (e.g. The Rocky Mountain locust, Melanoplus spretus), supporting that the risk of 
extinction in common species is more likely that may seem (reviewed in Gaston and Fuller 
2008). Thus, to prevent widespread species from disappearing, we need to be pro-active, as 
the early recognition of threats, decreases in abundance and distribution, and the identifica-
tion of isolated and fragmented populations, can guide management actions for their long-
term conservation (Lindenmayer et al 2011). 

	1.4. Phylogeography and population genetics 

To preserve the genetic diversity of a species it is vital to find out its genetic variability and 
how it is distributed along the different populations (Avise et al 1987; Avise 2000). Intraspe-
cific phylogenies differentiate between populations from different parts of the distribution 
of a given taxon (Schwartz et al 2012). In phylogeographic studies, intraspecific phyloge-
nies are analyzed jointly with the spatial distribution of the species to infer the influence of 
geographic features (e.g. mountains, rivers, roads) and historical processes for structuring 
populations in evolutionary time scales (Avise et al 1987; Avise 2000). Hence, phylogeog-
raphy comprises aspects of both time (evolutionary relationships) and space (geographic 
distributions). In mustelids, for instance, phylogenetic and phylogeographic studies have 
been useful to investigate historical changes in genetic diversity (e.g. Pertoldi et al 2008), to 
delimit conservation units (Sato et al 2009), to clarify taxonomic uncertainties (e.g. Drew et 
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al 2003), to identify the origin of species traslocations (e.g. Drew et al 2003) or to reconstruct 
postglacial colonization histories (e.g. Ruiz-González et al 2013).

There are several techniques for quantifying the genetic variation within and among pop-
ulations but the choice of molecular markers depends highly on the population or evolution-
ary genetic questions raised, as no marker appropriate for all applications exists (Beebee and 
Rowe 2008). Yet, as reported by Beheregaray (2008), almost the 70% of the phylogeographic 
studies conducted on mammals used exclusively mitochondrial DNA (mtDNA) data, while  
18% combined this with additional molecular markers. There are several reasons for the 
mtDNA to be the marker of choice. First, it is haploid and maternally inherited and occurs in 
thousands of copies per cell, and second, its relatively fast evolutionary rate is well suited to 
examine events that occurred hundreds of thousands to a few million years ago (Allendorf 
and Luikart 2007). In phylogeographic studies conducted on genera Lutra (e.g. Mucci et al 
2010) and Martes (reviewed in Schwartz et al 2012) the D-loop and cytochrome-b (cyt-b) 
regions were the most commonly used mtDNA markers.  

For the study of relatively recent events (ca. ten thousand years ago) markers with higher 
mutation rate, such as microsatellites, are needed (Hewitt 2004). These codominant and 
neutral nuclear markers allow discriminating different individuals and populations, being 
the most popular type of marker in population genetics (Freeland et al 2011). They can be 
used to evaluate the genetic structuring and diversity of populations and subpopulations 
(e.g. F-statistics and genetic distances), to asses demographic histories (e.g. population bot-
tlenecks), to evaluate inbreeding and relatedness between individuals, to assess effective 
population sizes (Ne), or to measure the strength and direction of gene flow among popula-
tions (Schwartz et al 2012).  

1.5. Landscape genetics: a combination of population genetics and landscape ecology

Landscape genetics is an interdisciplinary field that combines population genetics, land-
scape ecology and spatial statistics (Manel et al 2003; Holderegger and Wagner 2008; Manel 
and Holderegger 2013). The central issue is to quantify the effect that landscape compo-
sition, configuration and quality have on micro-evolutionary processes and on the spatial 
patterns of genetic variability (Balkenhol et al 2009). 

In landscape genetic analyses, the individual is used as the operational unit, avoiding 
potential biases associated with the delimitation of pre-defined populations and leading to 
studies at higher resolution (Manel et al 2003). The individual genetic data along with each 
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exact geographical location is then used to correlate the genetic discontinuities found to 
the landscape features (e.g. rivers, roads) and environmental variables (e.g. temperature, 
elevation) of the study area (Manel et al 2003; Holderegger and Wagner 2008; Wagner and 
Fortin 2013). Thus, the main difference between landscape genetics and population genetic 
studies is that, for the first, the quantity and quality of the matrix separating individuals is 
considered a key determinant of the underlying biological and ecological processes while 
the latter is simply concerned with its extent (Storfer et al 2010). Further, landscape genetics 
(concerned with contemporary processes) differs from phylogeography (dealing with his-
torical processes) in the temporal scale of the processes under study (Wang 2010).

Storfer et al (2010) identified the following major research topics in landscape genetics: a) 
the quantification of the influence of landscape variables and their configuration on genetic 
variation, b) the detection of barriers to gene flow, source-sink dynamics and corridors, c) 
the inference of the spatio-temporal scales of ecological processes and d) the evaluation of 
species-specific ecological theories. 

1.6. Habitat suitability modeling and niche divergence 

Habitat Suitability Models (HSMs) (Franklin 1995; Guisan and Zimmerman 2000; Gir-
vetz and Greco 2009; Bellamy et al 2013) also known as Species Distribution Models (SDMs) 
(Syfert et al 2013; Kramer-Schadt et al 2013; Fourcade et al 2014) or Environmental (or eco-
logical) niche models (ENMs) (Warren et al 2010; Warren and Seifert 2011), have become 
a fundamental tool in ecology and biogeography as they correlate the presence of species at 
multiple locations with relevant environmental covariates to estimate habitat preferences or 
predict species presences and absences throughout the study area (Franklin 1995; Guisan 
and Zimmerman 2000; Elith et al 2011). 

The identification of the factors constraining species presence is essential to identify the 
most suitable areas for a particular taxon, to infer occurrence probability in areas where no 
systematic surveys have been conducted (Fourcade et al 2014), to estimate the species niche 
(Warren and Seifert 2011), to assess the potential expansion of invasive species (i.e. Elith et 
al 2010; Jiménez-Valverde et al 2011) or to estimate future ranges under different climate 
change scenarios (i.e. Khanum et al 2013). However, most species presence records corre-
spond to presence-only datasets (PO), providing actual information regarding the species’ 
presence but no direct data regarding absences (Syfert et al 2013).

Most PO dataset are build with records from museums, herbarium collections or from 
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open biodiversity databases (e.g. GBIF, the Global Biodiversity Information Facility) (Four-
cade et al 2014). Yet, any accurate species location can be used as presence data in HSM. 
MAXENT (Phillips et al 2006) is one of the best performing and most commonly used soft-
ware to predict species distributions using PO data, as it is considered to work well with 
sparse and irregularly sampled locations (Elith et al 2006). MAXENT uses the maximum en-
tropy principle to relate species presence-only records and environmental variables in order 
to estimate species´niches and their potential spatial distibution (Phillips et al 2006). Even 
if HSM work under the assumption that the entire region under study has been systemati-
cally and randomly sampled, most datasets include spatially biased presence records (Elith 
et al 2011). The effect of sampling bias in HSM performance has been the focus of interest 
of several recent papers (Anderson and Gonzalez 2011; Syfert et al 2013; Kramer-Schadt et 
al 2013; Fourcade et al 2014; Brown 2014) in which a number of corrections methods have 
been proposed.

Species use habitats differently at widely divergent scales (Johnson 1980; Cushman and 
McGarigal 2004; Graf et al 2005). Therefore, habitat suitability modeling has shifted from 
models based exclusively in expert’s opinion to increasingly complex multiscale models to 
reveal the true grain at which species respond to the landscape as there is no a priori way to 
infer the grain and extent at which each environmental predictor is most strongly related to 
species presence (Shirk et al 2012). In this context, recent studies conducted on mammals 
(e.g. (Wasserman et al 2012; Mateo-Sánchez et al 2013; Bellamy et al 2013; Shirk et al 2014) 
have demonstrated the effectiveness of multiscale approaches.

HSM can also be employed to explore the environmental characteristics conditioning 
several species´ overlapping range as a first step to quantitatively estimate the niche conser-
vatism/divergence in related species and to infer the roles of competitive interaction (e.g. 
Wellenreuther et al 2012), as species realized niche could be restricted by the competence 
with their congeners, often found in co-existence (Anderson et al 2002). Niche comparisons 
may be performed in geographic space by comparing the predicted species distributions 
obtained by HSM (e.g. Anderson et al 2002) or in the environmental space if measuring 
niche similarities (e.g. Reutter et al 2003). Further, two conditions have to be met in order to 
consider a significant niche divergence among two species. First, niche characteristics have 
to differ between species, and second, the differences have to be necesarily greater than the 
backgrond environmental difference (McCormack et al 2010; Warren et al 2010). 
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2. Target species: Lutra and Martes genera

The diversification of the Mustelidae family (Carnivora, Mammalia) is an outstanding 
example of adaptive radiation (Schluter 2000; Koepfli et al 2008) as mustelids show marked 
ecomorphological diversity, reflecting how different species within the family have adapt-
ed to both different habits and environments. The species of genus Lutra, for instance, are 
semi-aquatic mammals, and thus well-adapted to water and land, while the forest-dwelling 
martens are better adapted to their semi-arboreal lifestyle. 

Three mustelid species with different characteristics were chosen as subject of this disser-
tation: a) the European otter, a rare and elusive semi-aquatic species listed as endangered in 
the study area (Basque Country), b) the stone marten, a generalist common and abundant 
species with important information gaps on its phylogeography and population and land-
scape genetics, and c) the pine marten, a forest-dwelling species, closely-related to the stone 
marten and living sympatrically over large areas but showing different ecological require-
ments and evolutionary patterns, and thus, enabling interesting comparisons regarding their 
multiscale habitat suitability and niche divergence. 

2.1. Molecular studies conducted in genus Lutra 

The genus Lutra includes three species with different conservation status; the hairy-nosed 
otter (L. sumatrana), the spotted-necked otter (L. maculicolis) and the European otter (L. 
lutra) (IUCN, 2008). 

The endangered L. sumatrana is probably the least studied and rarest of the world’s otters 
(Hussain et al 2008; Wright et al 2008). However, even if more widespread, none phylogeo-
graphic or population genetic studies have been conducted on the least concern African 
species L. maculicolis (Hussain et al 2008). The only sound studies on these two otters are the 
phylogenies build on morfological similarities (van Zyll de Jong 1987) and those based on 
cyt-b mitochondrial sequences (Koepfli and Wayne 1998) and multigene data sets (Koepfli 
et al 2008) including all of the 13 otter species. L. lutra, on the other hand, has been the focus 
of a wide range of molecular studies (see below). 

The European otter (Lutra lutra) has one of the widest distributions of all Palaearctic 
mammals being present in most of Europe, Asia and North Africa (Ruiz-Olmo et al 2008). 
The Eurasian otter is currently a species of conservation concern and it is listed as near 
threatened by the IUCN mainly due to the decline of its populations in large areas of Eu-
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rope during the twentieth century (Ruiz-Olmo et al 2008). Yet, after a strong decline in 
the 1980s, the otter is recovering in many European countries where subtantial natural or 
human-mediated (i.e. reintroductions programs) populations increases have been observed 
(McDonald et al 2007; Sulkava 2007; Prigioni et al 2007; Koelewijn et al 2010; Romanowski 
et al 2013). However, studies conducted on this species highlighted both the low levels of 
mtDNA variation (e.g. Ferrando et al 2004; Mucci et al 2010) and geographic structure (e.g. 
Randi et al 2003; Ferrando et al 2007; Mucci et al 2010; Hobbs et al 2011). 

The marking behaviour of the otter used for intraspecific communication, makes this 
semi-aquatic mammal a very suitable species for non-invasive genetic monitoring (Kruuk 
1995; Ben-David et al 2005; Kruuk 2006). To date, the non-invasive approach has been fruit-
fully used to estimate central parameters for otter conservation and management such as 
population sizes and sex-ratio (Dallas et al 2003; Prigioni et al 2006; Kalz et al 2006; Koelewi-
jn et al 2010; Bonesi et al 2012), kindship (Kalz et al 2006), dispersal (Hobbs et al 2006; 
Kalz et al 2006; Koelewijn et al 2010) and to evaluate the success of reintroduction proj-
ects (Ferrando et al 2007; Koelewijn et al 2010). Thus, the combination of species, sex and 
individual genetic identification through spraints with spatial data has become a valuable 
method for recording population trends and range expansions (or contractions) in scarced 
or endangered otter populations, providing basic information for the design of conservation 
and management programs (Ruiz-González et al 2008a). 

2.2. Molecular studies conducted in genus Martes

Among the 8 species of martens (IUCN, 2015), M. americana, M. martes and M. pennanti 
are clearly the species with the greatest number of molecular studies (reviewed in Schwartz 
et al 2012). Three unequally well studied species occur in Europe, the pine marten (M. mar-
tes), the stone marten (M. foina) and the sable (M. zibellina) (Proulx et al 2004). The pine 
marten and the sable are sister species within the subgenus Martes that diversified during 
the Plio-Pleistocene, with overlapping populations in part of European Russia (Koepfli et al 
2008). 

The pine marten has been the focus of several population genetic (Kyle et al 2003; Mergey 
2007; Pertoldi et al 2008; Ruiz-González et al 2013a; Pertoldi et al 2014) and landscape 
genetic studies (Mergey et al 2012; Ruiz-González et al 2014). Regarding its intraspecific 
phylogeny, a recent study on the pine marten conducted by Ruiz-González et al (2013a) 
provided interesting evidences of the complex post-glacial recolonization of Europe and 
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supported the genetic introgression (i.e. contemporary or historical hybridization) of pine 
marten and sable reported by Davison et al (2001). To date, several molecular studies have 
been conducted on the sable (e.g. Hosoda et al 1999; Inoue et al 2010; Malyarchuk et al 2010) 
including the paper by Li et al (2013) where both the phylogenetic relationships within the 
sable and its place of origin were explored.

Even if the stone marten is one of the most widely distributed mustelids in Eurasia (Tik-
honov et al 2008), so far, no work aiming to explore its intraspecific phylogeny or evolution-
ary history have been conducted (Schwartz et al 2012). Investigations on the population 
genetics of the stone marten are also virtually absent from literature, with the exception of a 
country-level study (Nagai et al 2012) and a dissertation on the comparative population and 
landscape genetic structure of the stone marten and the red fox in Portugal (Basto 2014). 

The stone marten shows different habitat preferences and a varying degree of synanthrop-
ic behaviour across its range (Proulx et al 2004; Tikhonov et al 2008). Its more generalist 
behaviour, compared to other members of the genus, makes the research on the genetic 
structure of the common stone marten particularly challenging and interesting (Virgós et al 
2012). However, its relative abundance and wide distribution range enables the development 
of comprenhensive continental molecular studies focused on unrevealing evolutionary and 
ecological patterns but also the comparison with ecologically similar and closely related spe-
cies within Martes genus.

2.3. Comparative studies on the pine and stone marten habitat use and selection

The pine marten is primarily a woodland specialist throughout its range (Proulx et al 
2004) but it is not as obligately dependent on forest habitats as previously believed (Virgós 
et al 2012) having found to colonize agricultural landscapes with highly fragmented woods 
(Mergey et al 2011; Balestrieri et al 2015). In some European countries, the stone marten 
is well established in urbanized environments being very common in suburban and urban 
areas, often denning and resting in buildings and barns and causing damage to roofs, insula-
tion and car engines (Tikhonov et al 2008; Herr et al 2009; Herr et al 2010). However, in the 
Iberian Peninsula the stone marten is not as synantropic as in other parts of Europe occupy-
ing well-preserved forested areas, and expressing niche displacement away from preferred 
pine marten habitats when co-occurring (Delibes 1983; Rodrigues et al 2011). This pattern 
has being explained as a product of the interspecific competition favoring the slightly bigger 
pine marten (Delibes 1983; Virgós and García 2002). 
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Under the niche-complementarity hypothesis (Schoener 1974; Larroque et al 2015) in or-
der to coexist, two related species occupying the same macrohabitat (i.e. pine and stone mar-
tens) have to differ in the requirements of one of the three ecological dimensions (habitat 
use, activity time or diet). In this context, several comparative studies have been conducted 
on these species with different purposes such as the redefinition of their fine-scale overlap-
ping patterns (Ruiz-González et al 2008b), interspecific variations in frequency and intensity 
of habitat use (Posłuszny et al 2007), on the differences in diet (Goszczyński et al 2007) and 
on the variation in the selection of resting sites (Larroque et al 2015).

Ruiz-González et al (2008b), for instance, used genetically confirmed non-invasively col-
lected fecal samples to accurately record each marten presences, resulting in the delimitation 
of significant differences in the pine and the stone marten distribution patterns, while in the 
study by Pilot et al (2007) both species scats ocurred inside forest and thus, the habitat in 
which the sample was found was not indicative of the species. Genetically identified fecal 
samples were also used by Posłuszny et al (2007), in this case, for comparing the species 
trophic niches to find both specific and seasonal differences in their diet. In another com-
parative paper, Goszczyński et al (2007) found that the pine and stone marten coexistence 
could be largely attributed to the variation in the intensity with which each species used the 
three-dimensional space in forested areas and in their differing vulnerability to anthropic 
impact. Recently, a telemetry based study evidenced how species differed greatly in resting 
patterns (pine martens rested almost exclusively in forest while stone martens did in open 
zones in the proximity of urban areas) and thus in habitat use, which will allow them living 
in the same macrohabitat (i.e. syntopic species) (Larroque et al 2015). However, even if the 
interaction between an organism and its environment is known to occur at many scales 
(Wiens 1989), none of the studies addressing the differences in the pine and the stone mar-
ten habitat associations has investigated these species multiscale habitat relations (Virgós et 
al 2012)
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3. Aims of the thesis

The main aim of this thesis is to gain insights into the intraspecific phylogeny, population 
and landscape genetics, and habitat suitability of several elusive European mustelids (i.e. the 
European otter, the pine marten and the stone marten) through the application of comple-
mentary molecular techniques. 

The general and specific goals, reported below, are to:

Perform a genetic species identification assay for the accurate assessment of the spatial  
distribution of different European mustelids based on mtDNA sequencing of non-inva-
sively collected fecal samples.

1.1 Obtain a reliable and updated distribution and record the contemporary expansion 
of the endangered European otter population in the Basque Country (northern Iberian 
Peninsula).

1.2 Confirm the genetic identity of the otter-like scats prior to individual genotyping. 

1.3 Unequivocally differentiate between pine and stone marten´s fecal samples obtained 
from a long term non-invasive genetic monitoring program (2005-2012) to build a pres-
ence-only data set for subsequent habitat use/suitability studies.

Individually identify each of the genetically otter scats through microsatellite and sex- 
genotyping for otter population monitoring.

2.1 Track individual movements over time (i.e. during the study period, 2007-2010) and 
space (i.e. along the monitored rivers and wetlands). 

2.2 Determine the minimum population size (i.e. the number of unique genotypes found), 
fundamental to define the population status.  

2.3 Calculate the mean otter density, infer relatedness and estimate the sex-ratio of the 
monitored otter population.

Explore the multiscale relationships of habitat selection by the pine and the stone marten  
in sympatric areas and test if there is niche divergence in areas where the species coexist.

3.1 Identify the environmental variables and scales influencing each species habitat selec-
tion using bivariate scaling and maximum entropy modeling.

3.2 Compare the multiscale habitat suitability models obtained for each marten species to 
determine the differences in their habitat preferences.

1.

2.

3.
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3.3 Explore the existence of a significant niche differentiation among these species when 
co-occurring.

 Conduct the first phylogeographic study of the stone marten, using mtDNA sequencing  
in a comprehensive number of stone marten tissue samples, along its European distribu-
tion range. 

4.1 Investigate the phylogenetic relationships of stone marten Iberian populations and its 
expansion within the Iberian Peninsula.

4.2 Investigate the evolutionary and biogeographic patterns of the stone marten in Eu-
rope. 

4.4 Estimate the time of arrival and posterior lineage diversification of the species in Eu-
rope.

4.5 Test whether, as suggested by previous authors, the European colonization of the stone 
marten followed the Neolithic expansion from the Near East. 

Explore the recent population genetic structure and landscape genetics of the stone  
marten via microsatellite genotyping and the application of individual clustering and 
multivariate methods. 

5.1 Investigate the current genetic structure of the stone marten population in Iberia by 
seeking for genetic discontinuities in a priori continuous population.

5.2 Explore the effect of landscape features in the distribution and structure of the stone 
marten throughout the Iberian Peninsula. 

5.3 Provide the first picture of the current population structure of stone martens in Eu-
rope.

4.

5.
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Non-invasive genetic techniques have proven to be cost-effective for monitoring and 
studying otter populations, largely due to the linearity of otter territories and the marking 
behavior of the species. After a severe decline, in the 60, the Eurasian otter is recovering in 
the Iberian Peninsula. However, the recovery pattern is not homogeneous and the species is 
still considered “Threatened” in many regions. During 2007–2010 a systematic non-invasive 
genetic sampling effort was carried out to determine the spatial distribution and to esti-
mate the population size of an endangered otter population in northern Iberian Peninsula 
(Basque Country). Samples were identified to species level by sequencing a 226 bp mtDNA 
fragment prior to genotyping. Among the 132 obtained samples, 127 (98.4%) belonged to 
the study species, one sample was genetically identified as European mink (Mustela lutreola) 
and one as American mink (Neovison vison) while genetic species confirmation was not pos-
sible in the three remaining samples. These results provided novel and accurate data on the 
species distribution, highlighting an overall increase of 25% in 10 × 10 UTM grids occupied 
by otter and a clear pattern of re-colonization upstream of the main rivers. All samples co-
rresponding to otter were subsequently individually genotyped using a novel multiplex pa-
nel of 11 microsatellite markers and sexed by typing the sex-chromosome-related gene ZFX/
ZFY. We obtained a complete individual genetic profile for 55 samples (genotyping success 
43%), corresponding to 20 different individuals (11 females, 6 males, and 3 individuals of 
unknown gender). The mean otter density in occupied areas estimated to be 0.09 (0.06–0.12) 
individuals per river kilometer. The present study enabled us to obtain updated and relevant 
information about this elusive species’ distribution and population size, essential to define 
population status and to design successful and effective management and conservation pro-
grams.

Keywords: Lutra lutra, non-invasive genetic sampling, molecular tagging, molecular sexing. 
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Molecular methods incorporating non-invasive sampling (NGS) via the collection of 
spraints are currently widely used for population monitoring of elusive carnivores (Waits 
and Paetkau, 2005; Schwartz and Monfort, 2008; Beja-Pereira et al., 2009; Canigliaet al., 
2014). The Eurasian otter (Lutra lutra), a semi-aquatic carnivore, mostly crepuscular, rare 
and elusive, is a suitable species for non-invasive genetic monitoring, due to the typical mar-
king behavior used for intra-specific communication (Chanin, 1985; Gorman and Trow-
bridge, 1989; Kruuk, 1992, 1995; Ben-David et al., 2005). DNA-based assays have become 
reliable tools for species identification, molecular sex typing and individual identification 
through microsatellite genotyping using spraint DNA (e.g. Dallaset al., 2000; Prigioni et al., 
2006; Mucci and Randi, 2007; Hájkováet al., 2009; O’Neill et al., 2013). The combined appli-
cation of these methods on spraints is a cost-effective way to investigate spatial distribution 
patterns, as well as dispersal, population turnover, sex-ratio or kinship for otters in the wild, 
which enables researchers to identify and resolve information gaps and design effective re-
search and management programs (Dallas et al., 2003; Hung et al., 2004; Kalz et al., 2006; 
Koelewijn et al., 2010) and to evaluate the success of reintroduction and traslocation projects 
(Ferrando et al., 2008; Koelewijn et al., 2010).

The Eurasian otter is currently a species of conservation concern and has one of the widest 
distributions of all Palaearctic mammals being present in most of Europe, Asia and North 
Africa (Ruiz-Olmo et al., 2008). The Eurasian otter populations declined in large areas of 
Europe during the twentieth century (Macdonald and Mason, 1983, 1994; Lodé, 1993; Kau-
hala, 1996). However, substantial increases (Sulkava, 2007) and recolonization events are 
recently been observed in several European countries (Kranz et al., 2001; Mason and Mac-
donald, 2004; McDonald et al., 2007; Prigioni et al., 2007). Currently, after a strong decline 
in the 1980s the Eurasian otter is recovering in many European countries and it has been 
recently downgraded to the “Near Threatened” category in the IUCN Red List (Ruiz-Olmo 
et al., 2008).

In Spain, situated on the western edge of the species’s distribution range, otter populations 
have progressively declined since the mid-twentieth-century and particularly since 1960, as 
in many European countries. The first accurate assessment of the species distribution based 
on the Otter Surveys Methodology dates from 1985 (Delibes, 1990). As revealed by the first 
national otter sur-vey (NOS), only a third of the sampled sites were positive for otter presen-
ce (Delibes, 1990). Ten years later, in 1996, during the second NOS, the species was present 
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in almost half the country (Ruiz-Olmo and Delibes, 1998). The last NOS in 2006 showed a 
marked increase in the species’ range probably due to recolonization from surrounding areas 
and was recorded in the 70% of the territory (López-Martín and Jiménez, 2008). Due to this 
global recovery pattern, the otter has recently been classified as “Least Concern” according 
to the IUCN Red List criteria at national level (Palomo and Gisbert, 2002). Nevertheless, it is 
still absent or rare in some Spanish regions, such as the Basque Country, where it is officially 
listed as “Endangered” (Decree 167/1996).

Similarly to the global patterns observed in other otter populations in the Iberian Pe-
ninsula, also in this region the species suffered a strong and generalized decrease until the 
1990s: it disappeared from the whole Atlantic basin, and although the species seems to have 
partially recovered in the Mediterranean basin in the last decade, its presence is still scarce 
and potentially existing at very low density (Hernando et al., 2005; López de Luzuriaga, 
2008). Fulfilling legal requirements associated with the “Endangered” status of the species 
(Law 16/1994; Decree 167/1996), the Otter Management Plan for Álava province (OMPA) – 
the only among the three Basque provinces with a permanent otter population – was finally 
approved in 2004 (Foral Order 880/2004) to actively promote species recovery and protec-
tion. Among the main actions outlined in the OMPA, this plan established the identification 
of the Conservation Concern Areas for the otter (CCAO, 7 of which are considered Sites 
of Community Importance, SCI) and also the need of implementing an otter monitoring 
program to improve knowledge on the biology of the species in those aspects that enable a 
more effective short-term management (i.e. species distribution and population size). Un-
derstanding the underlying ecology of recolonization is fundamental for otter management 
and conservation (Remonti et al., 2008; López-Martín and Jiménez, 2008). For several re-
covering populations throughout the otter’s European range, and especially in the Iberian 
Peninsula (López-Martín and Jiménez, 2008), accurate data about presence and abundance 
are still lacking. 

Here, we present the results from a systematic non-invasive genetic survey that aimed to 
determine the current distribution and population size of the low density and endangered 
otter population in northern Iberian Peninsula derived from the actions outlined in the 
official management plan. We also assessed distributional change over the last decade by 
comparisons with historical datasets (López-Martín and Jiménez, 2008), aiming to evaluate 
the recovery pattern in this portion of the Iberian Peninsula. Moreover, we provide the first 
population abundance estimates for the species by the use of a novel multiplex microsatellite 
panel and a DNA sex typing approach. Results of this study provide information regarding 



Paper 1

49

the distribution of an expanding otter population in northern Spain, help to refine otter sign 
survey techniques by the use of non-invasive genetic sampling, and provide useful informa-
tion for otter management activities within the OMPA framework.
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Study area

The study area comprises the Álava Province, which is located in northern Spain (Ibe-
rian Peninsula, Southwest of Europe), being the largest of the three Provinces of the Basque 
Country and the only one with a permanent otter population during the last 2 decades (Her-
nando et al., 2005). It covers an area of 3,037 km2 with altitudes ranging from 376 m to 1,482 
m. Álava’s hydrological network consist of several large rivers and their tributaries, with im-
portant variations in biological conditions. The Zadorra River, a tributary of the Ebro River 
is the longest river in the study area with a total length of 78 km. The surrounding areas of 
Álava in the provinces of Burgos and La Rioja and the Enclave of Treviño (Castilla y León) 
were also included in the survey (Fig. 1).

Non-invasive sample collection and DNA extraction

As the European otter is an elusive and rare species (Kruuk, 2006), we obtained DNA 
from non-invasive sampling of feces. This DNA source is regularly used for non-invasive 
genetic studies of carnivores (Schwartz and Monfort, 2008; Beja-Pereira et al., 2009) and 
has been successfully used in previous otter studies (Kalz et al.,2006; Prigioni et al., 2006; 
Hájková et al., 2009; Koelewijn et al., 2010). We implemented a multistage sampling scheme 
in which samples from a pilot study were used to verify the suitability of the field and labo-
ratory methods for individual identification and to assess the preliminary otter distribution. 
Thus, two spraint-based surveys were conducted between 2007 and 2010. The first one, con-
ducted in the 2007–2008 period was used to preliminarily estimate the distribution range of 
the otter in the study area. The second one, conducted between 2009 and 2010 was used to 
refine the species distribution assessment and to obtain a higher number of fresh samples of 
Lutra lutra for individual identification purposes. 

The study area was divided in 4 main zones (A to D; West-Álava, Central Álava, Sou-
th Álava and Enclave of Treviño and the Álava Mountain; Fig. 2) that matched with the 9 
CCAO, previously considered suitable for the mustelid. For all of the four study areas, a total 
of 198 suitable survey sites were identified (based on previous surveys, literature and species’ 
observations) and coded as 0 (survey sites with no otter evidences), 1a (positive survey sites 
for otter based on field signs) or 1b (positive sites with genetically confirmed fecal samples) 
for each of the visits. These sites were repeatedly surveyed a minimum of 3 times to increase 

Material and methods
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the probability of detection and thus, decreasing the probability of false negatives during the 
whole study period. The sampling was carried out systematically along water bodies such as 
rivers, streams and wetlands. All surveys were conducted by the same experienced surveyor, 
thus reducing the observer error in the field (Parry et al., 2013; Ruiz-González et al., 2013).

The sample collection was carried out in cold months during dry weather (October–
April) during the morning hours in order to collect fresh samples (<24 h after defecation) as 
DNA in spraints degrades faster when exposed to warm temperatures (Hájková et al., 2006). 
Universal Transversal Mercator (UTM) coordinates were recorded for all samples collected 
using a global positioning system (Garmin eTtrex). Fecal samples, with two replicates when 
possible, were stored in sterile 1.5 ml tubes containing 96% vol. ethanol and frozen at −20ºC 
until processed (Gómez-Moliner et al., 2004; Ruiz-González et al., 2008a). DNA was then 
extracted using the DNA Stool MiniKit (Qiagen, Hombrechtikon, Switzerland) following 
the manufacturer’s protocol for DNA extraction from stool samples. Additionally, fresh tis-
sues from otter carcasses were included in the study. DNA was isolated from tissues using 
the Qiagen DNeasy Tissue DNA extraction kit (Qiagen, Hombrechtikon, Switzerland) ac-
cording to the manufacturer’s instructions.

Species identification and spatial distribution

In order to reliably verify that the visually identified samples correspond to otter we con-
ducted a species identification step consisting of a touchdown PCR amplification of the mi-
tochondrial D-loop region (226 bp). A 2 uL volume of the DNA extraction mixture was ad-
ded to 23 uL of the PCR mixture containing 0.5 uL of forward primer Ma-2F (Ruiz-González 
et al., 2008a) and 0.5 uL of reverse primer CR-R (Ruiz-González et al., 2008a) (20 pmol/uL), 
2.5 uL 10× reaction buffer, 0.75 uL MgCl2 (50 mM), 1.4 uL deoxynucleotide triphosphates 
(2.5 mM), 1 uL of bovine serum albumin (10 mg/mL), 16.15 uL of sterile water and 0.2 uL 
Taq polymerase (5 U/uL), adapted from the protocol used by Ruiz-González et al. (2008) for 
martens and closely related mustelid species.

After incubation for 5 min at 95ºC, samples were subjected to eight cycles of a first dena-
turation step at 95ºC for 1 min, 40 s at 72ºC (reducing the temperature by 0.5ºC per cycle) 
and 45 s at 72ºC to enhance the enrichment of the specific product over any non-specific 
one. 40 cycles consisted of denaturation for 1 min at 95ºC, annealing for 40 s at 63.5ºC, 
45 s at 72ºC and a final extension step at 72ºC for 10 min were performed in a BIO-RAD 
iCycler (Version 3.021, BIO-RAD Laboratories). 4 uL of the amplified product were run in 
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2% agarose gels stained with GelRed, to visualize successful amplifications. Amplicons were 
purified using EXO-SAP IT (USB, Cleveland, OH, USA) and sequenced using the BigDye® 
Terminator Kit v1.1 cycle sequencing kit (Applied Biosystems Foster City, USA) according 
to the manufacturer’s instructions. Results were analyzed on an ABI 3130XL automated se-
quencer (Applied Biosys-tems). Negative controls were used to check for contamination.

To assess the spatial distribution of the otter in the study area the UTM coordinates co-
rresponding to each sample were projected onto a GIS (Arcview 9.0 ESRI) along with the 
species identification data. Subsequently, the results were displayed in 10 × 10 km UTM 
grids to infer the species distribution during the whole survey (2007–2010). These results 
were compared with previous systematic field otter surveys conducted from 2004 to 2006 
period in the framework of the III. NOS (López de Luzuriaga et al., 2008; López-Martín and 
Jiménez, 2008) to assess changes in otter distribution.

Figure 1. Otter (Lutra lutra) distribution in Álava and surroundings in 10x10 UTM km grids for the 
period 2004-2006 (III. NOS, López-Martín and Jiménez, 2008) and 2007-2010 (present study).
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Development of a microsatellite multiplex protocol for Lutra lutra useful for fecal DNA  
genotyping

19 microsatellite loci identified in the genomic DNA of the otter (Dallas and Piertney, 
1998: Lut733, Lut782, Lut475 and Lut717, Lut833, Lut832, Lut701, Lut615, Lut818, Lut715, 
Lut453, Lut435,Lut604 and Lut902; Huang et al., 2005, OT-04, OT-07, OT-14, OT-17and 
OT-19) and used in previous otter genetic studies (e.g. Ferrando et al., 2008; Ruiz-González 
et al., 2008b; Hájková et al., 2009; Bonesi et al., 2013) were initially considered for designing 
a novel multiplex panel suitable for non-invasive genetic sampling of our target population.

PCR conditions were firstly optimized for each primer separately and the final annealing 
temperature per locus was selected based on the results of a temperature gradient PCR run 
on tissue-derived DNA. Single locus amplifications were performed in a total volume of 15 
uL with 2 uL DNA, 0.2 uL of each primers (20 pmol/uL), 1.7 uL 10× reaction buffer, 0.64 
uL MgCl2 (50 mM), 0.5 uL dNTP (2.5 mM), 0.1 uL of BSA (10 mg/mL), 9.56 uL of sterile 
water and 0.1 uL Taq polymerase (5 U/uL). The following PCR conditions were used for all 
amplifications: after incubation for 5 min at 94ºC, the samples were subjected to 40 ampli-
fication cycles in a BIO-RAD iCycler (Version 3.021, BIO-RAD Laboratories) consisting of 
denaturation for 1 min at 94ºC, annealing for 1 min at 54–59ºC and a final extension stage 
of 1 min at 72ºC.

Loci with a low rate of amplification and with a high quantity of unspecific amplification 
were discarded. This first screening was evaluated with the only existing 2 tissues of the 
species obtained during the last 10 years, and 20 fecal otter samples from the study area 
(unreported data). From the 19 screened loci we selected a suite of 11 markers to design a 
Multiplex protocol with special emphasis on demonstrated variability in otter samples from 
the study region and amplification strength with small quantities of DNA (fecal DNA) and 
powerful enough to allow individual identification.

Microsatellite genotyping 

All samples corresponding to otter were individually genotyped using a novel multi-
plex panel of 11 autosomal microsatellite markers: Lut435, Lut453, Lut701, Lut715, Lut818, 
Lut833, Lut902 (Dallas and Piertney, 1998; Dallas et al., 1999), OT-04, OT-14, OT-17 and 
OT-19 (Huang et al., 2005).

In addition to the negative controls for extraction, negative PCR controls were included as 
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proposed by Pompanon et al. (2005). Additionally, we amplified a reference sample as a po-
sitive control and test if the electrophoretic mobility of the fragments was consistent across 
runs (Davison and Chiba, 2003).

In non-invasive genetic sampling, genotyping errors occur due to increased rates of null 
alleles, allelic drop-out (ADO) and false alleles (FA) (Taberlet and Luikart, 1999; Pompanon 
et al., 2005). Therefore, we followed a multiple-tube approach from Taberlet and Luikart 
(1999), amplifying each DNA extract in four independent replicates and in separate rooms 
dedicated to low DNA content samples.

The primers labeled with the dyes 6-FAM, NED, PET and VIC, were amplified in 4 PCR 
multiplex reactions (multiplex A, B, C and D, Table 1). PCR multiplex amplifications were 
carried out with QIA-GEN Multiplex PCR kits using the manufacturer’s protocol in a total 
volume of 10 uL with 2 uL of DNA, 1xMultiplex Kit Master Mix and 2 pmol of each fluo-
rescent labeled forward and unlabelled reverse primer. We applied a hotstart thermocycling 
protocol. The initial polymerase activation (HotStart PCR) was done at 95ºC for 15 min, 

Figure 2. Spatial distribution of the identified individuals with a full multilocus genotype and mean 
otter density (ind/km river) per zone (A, B, C and D).
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followed by 42 cycles (35 for tissue samples) of denaturation at 94ºC for 30 s, primer annea-
ling at 57ºC for 130 s, and sequence extension at 72ºC for 1 min, and a final extension step at 
60ºC for 30 min. DNA quality was initially screened by PCR-amplifying each DNA sample 
four times at three loci (Multiplex C: LUT453, LUT818 and OT-19). Only positive samples 
(samples showing >50% positive PCRs) were further amplified four times at the remaining 
8 loci. Samples with inconsistent results after four amplifications per locus or with ≤50% 
successful amplifications across loci were removed from further analysis as they were not 
considered reliable genotypes.

Multiplex PCR products were run on an ABI (Foster City, CA) 3130XL automated se-
quencer (Applied Biosystems), with the internal size standard GS500 LIZ™ (Applied Biosys-
tems). Allele sizing was conducted using the ABI software GENEMAPPER 4.0.

Genotype checking, probability of identity and individual identification

Consensus genotypes from four replicates of fecal DNA samples were reconstructed using 
GIMLET v 1.3.4 (Valière, 2002), accepting heterozygotes if the two alleles were seen at least 
in two replicates and homozygotes if a single allele was seen at least in three replicates. Af-
terwards, we grouped identical consensus genotypes using the same software, in order to 
identify the number of different individuals in our data set. GIMLET was also used to esti-
mate PCR success and genotyping errors: ADO (when a heterozygote from the consensus 
genotype is typed as a homozygote from repeated genotypes) and FA (when a homozygote 
from the consensus genotype is typed as a heterozygote) (Pompanon et al., 2005). To test the 
discrimination power of the 11 microsatellites set, we computed the probability of pairs of 
individuals bearing an identical multilocus genotype [i.e. probability of identity (PID)] with 
the software GIMLET v 1.3.2 (Valière, 2002). PID calculations were performed with both the 
unbiased equation for small sample size and the equation for siblings. The more conservative 
PID for full-sibs (PID-Sib) was estimated as an upper limit to the probability that pairs of 
individuals would share the same genotype. GIMLET was also used to estimate PCR success 
and errors (ADO and FA). Once samples were correctly genotyped and assigned to a known 
individual, the location and date of the sampling were projected into a GIS (Arcview9.0 
ESRI) to evaluate the plausibility of the sample belonging to the same individual.

Sex Identification

Samples were sexed by typing a fragment of the Zink-finger protein genes ZFX/ZFY that 
can be amplified simultaneously from both male and female chromosomes using the same 
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PCR primer pair following the protocol used by Mucci and Randi (2007) and following the 
multi-tube procedure (four replicates). The digestion product was then analyzed together 
with multiplex A. In order to test the effect of the otter’s gender on the number of individual 
re-samplings a Mann–Whitney test was conducted.

Population size estimates and kinship

Population size estimates were performed by two methods: with software GIMLET (Va-
lière, 2002) and with software CAPWIRE (Miller et al., 2005). GIMLET estimates the po-
pulation size as the asymptote of the function between the cumulative number of unique 
genotypes and the number of samples typed in a rarefaction curve and allows fitting the 
curve using three different equations (Kohn et al., 1999; Eggert et al., 2003 and Chessel’s 
equation (Frantz and Roper, 2006). Program R v.2.8 (Ihaka and Gentleman, 1996) was used 
to analyze the accumulation curves using a script generated by GIMLET. CAPWIRE is a 
capture-mark-recapture-based program for non-invasive genetic sampling that appears to 
work especially well in small populations of less than 100 individuals and when dealing with 
considerable capture heterogeneity (Miller et al., 2005; Hájková et al., 2009). The mean otter 
density was calculated independently for each sampling zone. The genetic relatedness and 

Table 1. Properties of the 11 microsatellite multiplexed loci used in this study and summary of the 
genetic variability assessed per locus. The table includes: number of alleles (NA), observed (HO) and 
expected (HE) heterozygosities, rates of positive PCR (PCR+), allelic dropout (ADO) and false allele 
(FA) for each locus. 

 

MULTIPLEX LOCUS DYE SIZE RANGE NA He Ho PCR+ ADO FA 

Multiplex A 

LUT701 6-FAM 202-210 3 0.6 0.63 0.94 0.218 0.000 

LUT833 NED 154-162 3 0.27 0.32 0.94 0.042 0.000 

Sex VIC 121-180 2 - - - - - 

Multiplex B 

LUT435 NED 119-139 4 0.57 0.63 0.94 0.104 0.013 

LUT715 VIC 200-212 4 0.58 0.63 0.97 0.180 0.033 

OT-17 6-FAM 155-179 3 0.39 0.32 0.96 0.125 0.000 

Multiplex C 

LUT453 6-FAM 121-131 4 0.52 0.58 0.96 0.147 0.026 

LUT818 PET 160-180 2 0.19 0.21 0.9 0.000 0.010 

OT-19 VIC 218-234 5 0.68 0.53 0.89 0.196 0.061 

Multiplex D 

LUT902 PET 148-156 3 0.43 0.21 0.97 0.308 0.025 

OT-04 6-FAM 209-217 3 0.59 0.53 0.92 0.164 0.019 

OT-14 VIC 125-149 4 0.58 0.63 0.96 0.089 0.063 

Mean - - - 3.45 0.49 0.47 0.94 0.143 0.023 
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sibling analyses were calculated with two softwares. The program ML-RELATE (Kalinowski 
et al., 2006) uses a maximum likelihood method to compute pair-wise genetic relatedness 
(Rxy), representing the proportion of allelic composition shared between each pair of indivi-
duals. Sibship analysis was conducted using COLONY version 2.0.4 (Jones and Wang, 2010), 
with a typing error rate set at 0.01. This approach considers the likelihood of the entire 
pedigree, as opposed to relatedness of individuals on a pair-wise basis. To infer relatedness 
among individuals, we used all of the genotyped samples (20 individuals). 
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Sample collection, species identification and otter distribution assessment 

During this study, we have reported 924 sampling occasions at 198 surveyed sites (Fig. 1). 
At 63 of them (31.8%) at least one sample (from 1 to 6) was collected. 77 (38.9%) were posi-
tive sites for signs of the species, but no samples could be obtained for DNA studies. In the 
remaining 58 sites (29.3%) no otter evidences were detected. Out of 132 fecal samples collec-
ted from the entire study area, 26 were collected in 2007–2008 period and 106 between 2009 
and 2010 (Fig. 1). Additionally, we obtained 2 otter tissue samples from road-killed animals.

After sequencing a 226 bp mtDNA fragment from fecal DNA, we effectively identified 
127 samples as otter, one as European mink (Mustela lutreola) and another one as American 
mink (Neovison vison). Thus, unequivocal species identification was possible in 98.4% of 
the samples with 3 non identified feces. All samples corresponding to otter shared the same 
haplotype, Lut-1 the most common haplotype in Europe (Effenberger and Suchentrunk, 
1999; Mucci et al., 1999; Cassens et al., 2000; Ferrando et al., 2004; Pérez-Haro et al., 2005).

The 129 fecal samples were displayed in a map along with the resulting otter distribution 
data for the study period. The results found otter presence in 34 of the 48 UTM grids, in com-
parison with 22 grids in the 2004–2006 period (III.NOS, López de Luzuriaga, 2008) (Fig. 1). 
This indicates a 25% increase in otter distribution and reflects recolonization from the main 
rivers, where the otter was previously and solely identified in the southernmost areas of the 
Mediterranean basin.

Microsatellite genotyping for individual identification and sex typing from otter spraints

The average proportion of positive PCRs (calculated from correctly and fully genotyped 
samples) was 94% and varied among loci from 89 to 97% and among samples from 82 to 
100%. The observed average error rates across loci were: ADO = 0.143 and FA = 0.023.All 
the 11 loci were polymorphic and the number of alleles per locus ranged from 2 to 5 (mean 
3.45). Marker OT-19 (5 alleles) was the most polymorphic one followed by LUT435, LUT715 
and OT-14 (Table 1). The average non-biased observed and expected heterozygosity (Ho and 
He) were moderated, 0.49 and 0.47 respectively (Table 1). PID analysis showed that the set 
of 11 loci would produce an identical genotype with a probability of 3.48 × 10−7, and with a 
probability of 2.41 × 10−3 for a full-sib. According to the values, the 5 most informative loci 
could distinguish two full-siblings with a 99% of probability (Mills et al., 2000).

Results
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From the 127 samples identified as otter, we obtained a complete multi-locus profile for 55 
samples (43.3% of the analyzed samples). The 96.4% of genotyped samples were fresh (less 
than 24 h) while only two >24 h samples got a complete genetic profile. After a rejoining pro-
cess (i.e. pairwise comparison of the different genotypes obtained) 18 different individuals 
were identified. In addition, two carcasses where found during the study period that were 
identified as different individuals. Therefore, the minimum population size (i.e. the number 
of unique genotypes found) for the study period was set at 20 individuals. The average num-
ber of detections (re-sampling) per individual was 2.85, with a total number of 39. Spatial 
distribution of the identified individuals with a full multilocus genotype and mean otter 
density (individuals/km river) per zone (A, B, C and D) is shown in Fig. 2. Otter density 
recorded varied between 0.06 and 0.12 otters per shoreline kilometer, with a mean otter den-
sity of 0.09 otters/km (Fig. 2). Population size estimated according to Eggert et al. (2003) was 
24 individuals (18–56) while the software CAPWIRE estimated 29 (CI 95% = 20–37 otters,  
CI width= 17).

Sexual typing revealed the presence of 11 females, 6 males and 3 individuals that couldn’t 
be reliably sexed due to the existence of unspecific products, providing for a high sex identi-
fication success of 85%. Sex identification results indicate a male/female ratio of   ̴̴0.55.

Geographical, temporal distribution and kinship of genetically identified otters

Detailed information about geographical and temporal distribution of the 20 indivi-
duals is depicted in Appendix 1a to 1d corresponding to zones A to D, respectively. Ot-
ter 2 female was first detected in the Cantabrian watershed and re-sampled in the Me-
diterranean side for three years covering a minimum of 23 river km and overlapping 
territory with otter 1 male (Appendix 1a). The largest number of individuals was detec-
ted at the confluence of the major rivers and along the river Ebro (1 male and 7 fema-
les) where, unfortunately, several samples (n = 8) were genetically confirmed as otter 
but did not yield any valid genotype which could have increased the re-samples or the 
number of identified individuals coming from the nearest provinces (Appendix 1c). In-
dividuals 19 and 20 male (Appendix 1d), detected only once, where identified as first 
order relatives (ML-RELATE, parent/offspring, Rxy= 0.724; COLONY, full-sib dyad,  
r = 0.615). According to COLONY all otters were related to each other (36 half-sib pairs), 
which prevents the reconstruction of detailed genealogical relationships among individuals. 
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Reliability of the NGS methods for individual and sex identification of otter 

We developed a reliable 11 microsatellite multiplex protocol for individual otter identifi-
cation (Pid sib = 2.41 × 10−3), proving a means of efficient application of non-invasive genetic 
monitoring of otters from spraints. The genotyping success from fecal samples (43.3%) was 
similar to other studies carried out with this species (19%, Bonesi et al., 2013; 20%, Dallas et 
al., 2003; 21%, Ferrando et al., 2008; 24%, Kalz et al., 2006; 41%, Prigioni et al., 2006; 44%, 
Arrendal et al., 2007; 48%, Hung et al., 2004; 55–63%, Hájková et al., 2009) and in other 
non-invasive genetic studies of carnivores (e.g. Ruiz-González et al., 2013, for martens; Ca-
niglia et al., 2014, for wolves). As previously reported in the literature (reviewed in Hájková 
et al., 2009), we found that genotyping success improves when working with fresh samples, 
where the 96.4% of the completely genotyped samples were collected within 24 hours of 
deposition.

The frequency of allelic dropout and false alleles (ADO = 14.3%, FA = 2.3%) was similar 
to other otter non-invasive genetic studies (Hájková et al., 2006; Arrendal et al., 2007; Fe-
rrando et al., 2008). Both observed and expected heterozygosity values (0.49 and 0.47) were 
lower than values reported for Catalonia (0.61–0.68 and 0.59–0.67, Ferrando et al., 2008) 
and Spain (0.64 and 0.58, Mucci et al., 2010). Nonetheless, the results have to be cautiously 
analyzed due to the low number of identified individuals and the differences between the 
selected markers among studies.

The success of the sex identification method (85%) was high and simi-
lar to other otter studies (79%, Mucci and Randi, 2007; 87.5%, Park et al., 2011). 
Sex identification results (6 males and 11 females) indicated a male/female ratio  
of   ̴0.55, in contrast to the male-biased sex-ratio found in studies with larger sample size 
(1.4, Dallas et al., 2003; 1.2, Kalz et al., 2006; 1.0, Ferrando et al., 2008; 0.55, Bonesi et al., 
2013). According to Kruuk (2006) several female otters may live together in a group te-
rritory, each female having its own core-area to rear their young, to defend against other 
females. Moreover, as reported by Koelewijn et al. (2010), juvenile females stay close to the 
territories of their mothers while the juvenile males are forced to move by dominant males. 
Thus, by prioritizing sampling in areas with a higher spraint density, we may have biased the 
number of female detected and could be one of the possible explanations for the considera-
ble sex-ratio deviation. Overall, we obtained a high capture heterogeneity among individuals 

Discussion
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where males were re-sampled more than females (Mann–Whitney U test; P = 0.007). Cer-
tainly, dominant male otters with large territories tend to have a higher number of spraints 
in non-invasive surveys (Bonesi et al., 2013).

Assessing the recovery of otter distribution through non-invasive genetic sampling

Surveys have been conducted for decades to monitor otter distribution in Spain and 
throughout Europe (Lodé, 1993; Kauhala, 1996; Kranz et al., 2001; McDonald et al., 2007; 
Sulkava, 2007; Prigioni et al., 2007). However, they have often relied on locating field signs 
and/or feces with identification from morphological characteristics although this approach 
could be partially biased due to potential error rates in spraint identification (Kalz et al., 
2006; O’Neill et al., 2013). Increasingly, studies that aim to determine otter distribution ba-
sed on identifying spraints are incorporating DNA analysis to confirm species identity, as a 
first screening before further genotyping (e.g. Hung et al., 2004; Kalz et al., 2006; Ferrando 
et al., 2008; Park et al., 2011). In this study, 98% of the visually assigned otter spraints were 
genetically confirmed as otter spraints. Even though the misidentification rate seems low 
and similar to that obtained in other studies (e.g. O’Neill et al., 2013; approx. 2.5%) that 
monitored threatened populations, is worth considering a protocol in which species identi-
fication is first conducted to avoid misidentification with other sympatric mustelids such as 
minks and polecats (Hansen and Jacobsen, 1999). Even if other previous otter studies found 
nearly perfect species identification (Kalz et al., 2006), it could highly depend on surveyors 
experience (Ruiz-González et al., 2013).

In addition, incorporating a species identification step using sequencing allowed us to not 
only verify the specific identity of each spraint but also to identify the shared haplotype of 
all samples (i.e. Lut 1). These results confirm previous results about mtDNA homogeneity of 
Spanish otter populations exclusively represented by a unique mtDNA lineage, suggesting 
that the growing otter population it is unlikely to be derived from surrounding European 
countries.

The otter is currently widely distributed in the surveyed area being present in the major 
Mediterranean rivers and their tributaries (34 out of the 48 UTM 10 × 10 km grids). Otter 
presence was confirmed in all of the 22 grids recorded in the III. NOS (López de Luzuriaga 
et al., 2008) and evidences were found in 12 new ones, indicating a range increase in the last 
few years. These results suggest that population expansion is occurring in Álava, in parallel 
to the observed recovery in other regions within the Iberian Peninsula (López-Martín and 
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Jiménez, 2008).This is further indicated by recent observations from 2011 in which the otter 
was detected in 3 new grids (López de Luzuriaga, unpublished data). Nevertheless, although 
this mustelid seems to follow a clear pattern of re-colonization upstream of the main rivers 
of the Mediterranean basin, it is still scarce in the Basque Atlantic watershed (López de 
Luzuriaga et al., 2008), with the first confirmed data about its presence after 50 years being 
reported in this work.

The European otter is considered a food-limited species and fluctuations in their breeding 
success are related to food availability (Kruuk, 2006; Ruiz-Olmo et al., 2011). Thus, otters 
tend to select habitat structures with abundant and predictable food availability, especially 
fish and crayfish (Ruiz-Olmo et al., 2011). In the study area, the majority of the recently 
occupied grids correspond to areas with fishing reserves for trout (Salmo trutta) and signal 
crayfish (Pacifastacus leniusculus) which might have attracted dispersing otters, as the ex-
pansion of the signal and red swamp crayfish (Procambarus clarkii) has been suggested to be 
favorable for the species (López de Luzuriaga et al., 2008).

Population size and density estimations

The Eurasian otter is an “Endangered” species in the Basque Country; therefore, estima-
tes of the number of individuals in the population is a essential information to guide short, 
medium and long term management of the species. In this study, a total of 20 different ot-
ters were identified using a panel of 11 microsatellite markers, so the minimum population 
size for the study period was set at 20 individuals where at least two were dead. According 
to the estimations made for the period 2007–2010, the population would consist of 24 to 
29 individuals even though this value has to be carefully interpreted due to the extensive 
study period. Sibship analyses revealed that all the genotyped individuals were closely-re-
lated, which is consistent with a recently colonized population. We hypothesize that the 
Ebro basin, hosting founding populations, acted as a potential source of young animals that 
dispersed upstream of the main river. Nonetheless, COLONY and ML-RELATE analyses 
exclusively allowed the reconstruction of potential genealogical relationships between a few 
individuals (e.g. ind 19 and 20) and therefore no family group reconstruction was possible.

The otter density recorded (0.06 and 0.12 otters per shoreline km), was similar to densities 
obtained in studies carried out in northeastern Spain (0.04–0.11 otters/km) but lower than 
densities found in Italy (0.18–0.20 otters/km), Sweden (0.20 otters/km), United Kingdom 
(0.012–0.33 and 0.27–0.34 otters/km), and eastern Europe (0.11–0.37 and 0.18–0.57 otters/
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km) (reviewed in Prigioni et al., 2006). Within the study area, the Ebro River is the only river 
that has hosted a continuously extant otter population during last two decades (López-Mar-
tín and Jiménez, 2008). Accordingly, it seems that the Ebro has played an important role as 
an axis for otter colonization, allowing the colonization of individuals from adjacent regions, 
such as Burgos and La Rioja that have maintained stable populations of otter during the 
most drastic otter decline in Spain (Aguilar and Gómez-Gayubo, 2008).
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In this study we combined non-invasive molecular techniques with geographic informa-
tion systems to record the contemporary expansion of the otter at regional scale, confirming 
the recovery pattern previously highlighted in surrounding otter populations in the Iberian 
Peninsula (López-Martín and Jiménez, 2008). More over, microsatellite and sex genotyping 
from spraints were reliable and effective in identifying the individuals inhabiting the study 
area and enabled us to perform the first population and density estimations in the Northern 
Iberian Peninsula provided by non-invasive genetic techniques. Overall, this study provided 
valuable information regarding the spatial distribution and population size of an expanding 
otter population in northern Spain. Moreover, it has helped refine otter sign survey techni-
ques by the use of non-invasive molecular techniques, and provide useful information to 
design successful otter management activities within the OMPA framework. 

Conclusions
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Context. Habitat heterogeneity at several scales may simultaneously drive species distri-
butions and abundance, and species likely differ in the scales of their ecological responses. 
Therefore, multispecies and multiscale habitat suitability models are important to identify 
the environmental variables and scales influencing habitat selection and facilitate the com-
parison of closely related species with different ecological requirements.

Objectives. This study explores the multiscale relationships of habitat suitability by the 
pine (Martes martes) and stone marten (M. foina) in northern Spain to evaluate differences 
in habitat selection and scaling and to determine if there is habitat niche displacement in 
areas where both species coexist.   

Methods. We combined bivariate scaling and maximum entropy modeling to compare 
the multiscale habitat selection of the pine and the stone marten. Then, we explored the 
performance of three sampling bias correction methods at four spatial scales to optimize 
each marten habitat suitability models (HSM). Finally, the corrected HSMs were compared 
to explore the presence of a significant niche differentiation between the species.

Results. The comparison among high-resolution HSMs resulted in the detection of a 
significant niche divergence between species. The pine marten was associated with cooler 
mountainous areas with low levels of human disturbance, high proportion of natural fo-
rests and forestry plantations and medium-extent agroforestry mosaics. The stone marten, 
in contrast, was most related to the density of urban areas, the proportion and extensive-
ness of croplands, the existence of some scrub cover and the availability of semi-continuous 
grasslands. 

Conclusions. This study outlines both the influence of the spatial scale and the impor-
tance of the sampling bias corrections in HSM. To our knowledge, this is the first study 
comparing multiscale habitat selection and niche divergence of two related marten species. 
Further, this study provides a useful methodological framework for multispecies and mul-
tiscale comparatives. 

Keywords: HSM, scale dependency, sampling bias, niche divergence, Maxent, pine marten, 
stone marten.

Abstract
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Habitat Suitability Models (HSM, Girvetz and Greco 2009; Koreň et al 2011; Bellamy et al 
2013), also referred as Species Distribution Models (SDM, Syfert et al 2013; Kramer-Schadt 
et al 2013; Fourcade et al 2014) or Environmental (or ecological) Niche Models (ENMs, 
Warren et al 2010; Warren and Seifert 2011), have become a fundamental tool in ecology 
and biogeography as they correlate the presence of species at multiple locations with relevant 
environmental covariates to estimate habitat preferences and/or predict species distribu-
tions (Elith et al 2011). The identification of the factors constraining species presence is cen-
tral to identify the most suitable areas for a particular taxa, to infer occurrence probability in 
areas where no systematic surveys have been conducted (Fourcade et al 2014), to assess the 
potential expansion of invasive species (i.e. Elith et al 2010; Jiménez-Valverde et al 2011) or 
to estimate future ranges under different climate change scenarios (i.e. Khanum et al 2013). 
HSMs can also be particularly useful to explore the environmental characteristics condition-
ing several species´ overlapping range in order to quantitatively estimate the niche diver-
gence in related species and to infer the roles of competitive interaction (e.g. Wellenreuther 
et al 2012). This application is particularly interesting as a species’ realized niche could be 
restricted by competition with sympatric congeners (Anderson et al 2002). 

Most species records are only available in the form of presence-only datasets (PO), which 
provide solid information regarding the species’ presence but no direct data regarding ab-
sences (Pearson et al 2007). Thus, in recent decades, there has been an increasing focus on 
developing methods to work with this information (reviewed in Yackulic et al 2013). MAX-
ENT (Phillips et al 2006) is one of the most commonly used HSM techniques dealing with 
PO data (Elith et al 2006; Elith et al 2011; Syfert et al 2013). All PO based HSM methods 
work under the assumption that the entire area under study has been systematically and 
randomly sampled (Elith et al 2011). Yet, most datasets include spatially biased presence 
records. Lately, the effect of sampling bias in model performance has increasingly been ac-
knowledged and several correction methods have been proposed to improve model accura-
cy (Anderson and Gonzalez 2011; Syfert et al 2013; Kramer-Schadt et al 2013; Brown 2014). 
Consequently, Fourcade et al (2014) recommended evaluating several types of corrections 
before choosing the final correction method based on a) their effect in classical model eval-
uation metrics (e.g. AUC) and b) the adequacy of the produced habitat suitability map to a 
priori knowledge of a given species distribution. 

To produce a realistic HSM, habitat features must be measured at spatial resolutions 

Introduction



Paper 2

77

that are relevant to the organism being modeled based on its ecological adaptations and 
life-history strategy, as species use habitats differently at widely divergent scales (Johnson 
1980; Cushman and McGarigal 2004; Graf et al 2005). Even when the correct variables are 
employed, the incorrect specification of the scale at which scale-dependant characteristics 
operate could lead to a dramatically different interpretation of which factors are actually 
influencing the occurrence of a given species (e.g. Girvetz and Greco 2009; Bellamy et al 
2013; Shirk et al 2014). Nevertheless, there is no a priori way to infer the grain and extent at 
which each environmental predictor is most strongly related to species presence (Shirk et al 
2012). Therefore, habitat suitability modeling has shifted from models based exclusively in 
expert’s opinion to increasingly complex multiscale models to reveal the true grain at which 
species respond to the landscape. Multiscale HSMs allow more accurate predictions of spe-
cies occurrence based on the systematic variation of the scale of analysis of each variable to 
find the dominant scale at which they operate to build the models (e.g. Shirk et al 2012). In 
this context, recent studies conducted on mammals (e.g. Wasserman et al 2012; Shirk et al 
2014; Mateo-Sánchez et al 2013, Bellamy et al 2013) have demonstrated the effectiveness of 
multiscale approaches.

The European pine marten (Martes martes) and the stone marten (Martes foina) are two 
closely related mustelids living sympatrically over a wide area of Europe (Proulx et al 2004), 
and the northern Iberian Peninsula represents both the southern limit of the pine marten 
distribution and the southernmost area of sympatry in southwestern Europe. These species 
share similar biological characteristics (e.g. body-size, throphic niche or activity patterns) 
making it challenging to reliably determine differences in distribution based on observa-
tional data (Proulx et al 2004). The application of molecular methods on non-invasively 
collected faecal samples has proven to be a cost-effective way to reliably verify and monitor 
these elusive species´ presence (e.g. Ruiz-González et al 2013) and thus, also useful to build 
PO dataset for HSM purposes.   

Recent studies have revealed that the pine marten is not as obligately dependent on forest 
habitats as previously believed (Virgós et al 2012) and may be capable of colonizing agricul-
tural landscapes containing highly fragmented woodland and forest patches (Mergey et al 
2011; Balestrieri et al 2015). However, the pine marten is either threatened or rare in many 
countries, while the stone marten´s geographic range has expanded due to its behavioral 
plasticity, broader habitat niche and less vulnerability to anthropogenic impacts (Proulx et 
al 2004; Goszczyński et al 2007; Herr et al 2009). Despite their extensive overlapping range, 
few studies addressing the differences in the pine and the stone marten habitat associations 
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have been conducted (e.g. Posłuszny et al 2007; Goszczyński et al 2007; Larroque et al 2015) 
and currently no in-depth studies have been published on their multiscale habitat selection 
(Virgós et al 2012). 

The goal of this paper is to compare and contrast pine and stone marten multiscale habitat 
selection in a sympatric area of northern Spain by investigating how different environmental 
characteristics, measured at varying spatial scales, shape the distribution of each species. 
Subsequently, we compared the performance of three methods of sampling bias correction 
(Fourcade et al 2014) to improve the predictions of the final habitat suitability maps. Finally, 
the resulting HSMs were compared to explore niche differentiation among the species. To 
our knowledge, this is the first study comparing multiscale habitat selection of two sympat-
ric marten species to clarify their habitat preferences and niche divergence when coexisting.
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Study area

The study area comprises the regions of the Basque Country and Navarre and the sur-
rounding territories of Cantabria, Castille and Leon and La Rioja (northern Spain, Fig. 1). 
The area is located in the southern range limit of the pine marten where it occurs sympat-
rically with the stone marten. The study area is 31,500 Km2 with forest covering 31.3%, 
non-forested mountains 27.3%, cultivated lands 26.8% and urban, infrastructure and re-
maining land cover types 14.6% of the territory, respectively. Elevation ranges from sea level 
to 2,017 m (Mount Ori, Pyrenees). Three biogeographic regions converge in the area, in-
cluding Atlantic, Mediterranean and Alpine, roughly corresponding to three sections with 
varying landscape compositions: the northern Basque Country, mainly covered by forestry 
plantations and highly fragmented natural forests; the north-eastern Navarre, dominated by 
continuous natural forest systems; and extensive cultivated lands and urban areas located 
primarily in the southern areas of both provinces (Fig. 1). 

Marten presence data: combining long-term non-invasive genetic sampling and species  
records from different field data sources 

Two main sources of PO data were used in this study to accurately assess the spatial distri-
bution of both species. First, we used faecal sampling to collect non-invasive genetic samples 
from both species across the study area between 2005 and 2012. As Martes sp. faeces cannot 
be distinguished from each other visually and can also be easily confused with those of other 
carnivores (Davison et al 2002; Ruiz-Gonzalez et al 2008), we applied a mtDNA molecu-
lar method that effectively identifies the species (Ruiz-González et al. 2008). Additionally, 
we included unequivocal species records from road-killed, live-trapped, hair-trapped and/
or camera-trapped individuals obtained in the framework of different carnivore surveys 
funded by regional or national administrations (Spanish Ministry of Environment, Regional 
Governments of Navarre and Basque Country and Alava and Bizkaia Provincial Councils; 
Table S1). The locations of the genetically identified faeces and those from different sources 
were combined to build a single PO dataset for each study species (Table S1).

Environmental layers

The environmental variable set comprised a total of 40 variables belonging to 5 categories 
(Table 1). All variables were resampled to a UTM projection (ETRS89) with a 30 m cell size. 

Material and methods
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Nine land cover types were derived from the land use information obtained in vector for-
mat from the Spanish Forest Map at scale 1:50.000 (Spanish Ministry of Agriculture, Food 
and Environment, 2006). FRAGSTATS software v 4.2 (McGarigal et al 2012) was used to 
calculate a) five landscape level metrics characterizing landscape composition, configura-
tion and edge contrast, and b) four class composition and configuration level metrics (Table 
1). Elevation data was obtained from a 25m resolution Spanish Digital Elevation Model 
(Spanish Geographical National Institute, CNIG; 2008) to calculate the Focal Mean Eleva-
tion (ELEV), Compound Topographic Index (CTI) and Roughness (ROUGH) using the 
Surface Gradient and Geomorphometric Modeling tool (Evans et al. 2014) in ArcGIS v.10.0 
(ESRI). The density of highways (HWS), national (NAT) and autonomic roads (AUT), were 
assessed separately derived from the 1:25.000 scale spatial products developed by CNIG to 
incorporate the antrophic disturbance. To test the influence of temperature in each marten 
distribution the mean annual temperature (Iberian Climate Atlas; AEMET 2011) was in-
cluded among the analyzed variables.

Each variable (Table 1) was independently tested at 6 scales using circular windows with 
radii of 1, 2, 4, 8, 16 and 32 km. HWS, NAT, AUT, ELEV, ROUGH and CTI were additionally 
tested at high-resolution scale (125, 250 and 500 m). These radii where chosen to encompass 
the diversity of home-range sizes and the variety and length of daily movements of both 
martens previously recorded in the literature (e.g. Martes martes, Zalewski et al 2004; Martes 
foina, Herrmann 1994). 

Marten HSMs

The main methodological steps followed to build the marten HSMs, and to explore the 
ecological niche divergence among them, were summarized in a workflow (Fig. 2), while 
details of the steps are reported bellow.

Step 1) Variable pre-selection: bivariate scaling and variable pruning.  

Habitat selection is hierarchical and occurs at multiple spatial scales (Johnson 1980; Wiens 
et al 1987). Therefore, we conducted an initial bivariate scaling step to test at which scale 
each variable was most strongly related to the species presence (Figure 2, Step 1). In this 
step, each variable (Table 1) at each scale and species was independently run in MAXENT 
(Phillips et al 2006), the most widely used HSM software for predicting species distributions 
from PO data and a set of environmental variables (Fourcade et al 2014). According to Elith 
et al (2010) MAXENT produces robust results with sparse, irregularly collected occurrence 
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Figure 2. Study workflow including the input files used and the consecutive steps 
done to build the HSMs and to test martens´ niche divergence.

Inputs
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Table 1. The set of 40 independent variables considered for analysing multiscale martens habitat suita-
bility. Variables are grouped into 5 categories (Human pressure, topographic, climatic, and landcover 
landscape-level and class-level metrics). The 4 class level variables (PD, AREAam, GYR, PLAND were 
calculated for each of the 7 land cover types considered. All layers were produced at 6 different spatial 
scales (1, 2, 4, 8, 16 and 32 km) except for HWS, NAT, AUT, ELEV, ROUGH, CTI that were additionally 
analyzed at high-resolution scale (125, 250 and 500 m). In landcover class-level metrics: Nat: natural fo-
rest; Fp: forestry plantations; Ag: agroforestry mosaics; Pa: pastures; Scr: scrublands; Cr: crops and Urb: 
urban areas.

records, and minimal location errors (Elith et al 2006). Thus, all models were computed in 
MAXENT v.3.3 using the following parameters as described in Mateo-Sánchez et al (2013): 
20,000 background points, a maximum of 5,000 interactions linear and quadratic functional 
relations (LQ). We selected LQ only as they prevent from locally idiosyncratic responses 
and are easier to interpret from an ecological perspective (Syfert et al 2013). A random sub-
sample of 75% of the species occurrence points were used to fit the model (“train”) and the 
remaining 25% to assess model performance (“test”). We used the AUC values (Area Under 

VARIABLE TYPE METRIC ABBREVATION 

HUMAN PRESSURE 

Highways density HWS 

National road density NAT 

Autonomic roads density AUT 

TOPOGRAPHIC 

Focal mean of elevation ELEV 

Roughness ROUGH 

Compound Topographic Index CTI 

CLIMATIC Mean Anual Temperature TEMP 

  Aggregation index AI 

LANDCOVER Contrast-weighted Edge Effect CWED 

(Landscape-level 
metrics) 

Edge density ED 

Patch density PD 

Shannon Diversity Index SHDI 

  Patch density PD_ (Nat,Fp,Ag,Pa,Scr,Cr,Urb) 

LANDCOVER Area-weighted mean AREAam_(Nat,Fp,Ag,Pa,Scr,Cr,Urb) 

(Class-level metrics) Gyrate_am GYR_(Nat,Fp,Ag,Pa,Scr,Cr,Urb) 

  Percentage of landscape PLAND_(Nat,Fp,Ag,Pa,Scr,Cr,Urb) 
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the receiver operating characteristic Curve, Fielding and Bell 1997) to compare the perfor-
mance of the single variable models, selecting the scale at which the variable showed the 
highest AUC value and discarding the rest (e.g. Mateo-Sánchez et al 2013). We used AUC 
(Phillips et al 2009; Aguirre-Gutiérrez et al 2013) as the scaling criterion as it is the most 
commonly used metric for model quality assessment (Kramer-Schadt et al 2013). MAX-
ENT performs well in the presence of correlated variables; however, it remains desirable to 
remove highly inter-correlated variables in multivariate analysis to avoid multicollinearity 
(Mateo-Sánchez et al 2013) Hence, the candidate set of variables was pruned, discarding the 
variable (at the best performing scale) with the lowest AUC of each variable pair presenting 
a Pearson correlation coefficient ≥ 0.7 (Bellamy et al 2013). 

Step 2) Multivariate model building

Only those variables remaining after the bivariate scaling and variable pruning steps were 
included in the multivariate models. 300 HSMs per species were constructed, each contain-
ing a different set of 5 randomly selected predictors, including variables belonging exclusive-
ly to the same category and combinations of two or more categories (Table 1). Multivariate 
HSMs, built combining 5 variables were run in MAXENT with the same parameters used in 
the bivariate scaling step.

To evaluate model performance, each species’ multivariate models were ranked according 
to their AUC values while the relative predictive power of each variable was assessed based 
on the jackknife measure of test AUC. Then, we explored the 10 top performing models for 
each species (i.e. those showing the highest AUC values) to compare the incidence of the 
environmental predictors and select the best raw multivariate HSM for each species (i.e. 
Mm_rA and Mf_rA). Finally, to estimate how the scale optimization affected the predictive 
performance of the HSMs, we compared the best performing multiscale models (Mm_rA 
and Mf_rA) with those built with the same variables but measured at each single scale (i.e. 
1, 2, 4, 8, 16 and 32 km). 

Step 3) Sampling bias correction methods

One limitation of HSMs, especially when occurrence localities are derived from oppor-
tunistic observations rather than representative surveys, is the presence of sampling bias, 
where some areas in the landscape are sampled more intensively than others (Phillips et al 
2009). When information quantifying sampling effort exists, it can be used to correct for 
sampling bias. However, in empirical studies this information is often unknown (Fourcade 
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et al 2014). Thus, we implemented three of the correction methods applied in Fourcade et 
al (2014), to address the most plausible sources of sampling bias in our dataset. We used 
SDM toolbox v.1.1 (Brown 2014) for ArcGIS v.10.0 (ESRI, 2014) to: a) rarefy the species 
occurrence data (SR); b) to produce sampling probability maps (GK); and c) to restrict the 
background area (DP) at four spatial scales. 

a) SR: With the aim of eliminating the influence of spatial clusters of localities, the spa-
tially rarefy occurrence data tool was used to reduce the locality records to a single point 
within the specified Euclidian distance. The resulting datasets for each marten, with filtered 
locations at 1, 2, 4 and 8 km radii, were later used as each species’ presence records. Then, we 
ran MAXENT to produce 4 HSMs per species combining the spatially rarefied locations and 
the environmental predictors included in the best HSMs. 

b) GK: We produced a bias grid that up-weighted PO data points with fewer neighbors in 
the geographic landscape using the Gaussian Kernel Density of sampling localities tool. This 
sampling probability surface (showing values of 1 to reflect none and higher values repre-
senting increasing bias) was computed including both marten species’ locations to focus 
on the widespread spatial sampling biases as the probability of detecting either species is, a 
priori, the same. Each derived Gaussian Kernel map (at 1, 2, 4 and 8 km) was implemented 
in the bias file option in MAXENT together with the environmental predictors included in 
each marten best HSMs. 

c) DP: The selection of a large rectilinear region, can led to the selection of a higher pro-
portion of less informative background points (pseudo-absences), and therefore, models 
tend to be over-fitted (Anderson and Raza 2010; Barbet-Massin et al 2012). To circumvent 
this problem, we used the sample by distance from observation point tool which tells MAX-
ENT to sample background points within a maximum buffer size of 1, 2, 4 and 8 km from 
known occurrences. Each background restriction mask was implemented in the bias file 
option in MAXENT. 

Ten replicates per model (both raw and 12 corrected HSMs per species) were built follow-
ing a resampling method, randomly selecting a subsample of 25% of observation records for 
model validation in each replicate. 

To compare and evaluate the corrected HSM´s fit, we employed two threshold-indepen-
dent and one threshold-dependent metric. First, to assess differences in the general model fit 
we used the AUCTEST which, although criticized (Lobo et al 2008; Warren and Seifert 2011), 
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is appropriate for comparison of models produced with different settings but for the same 
species in the same study region, as in this case (Lobo et al 2008; Anderson and Gonzalez 
2011). Then, to quantify overfitting, we employed AUCDIFF, the difference between AUC val-
ues based on training (AUCTRAIN) and test (AUCTEST) localities (Warren and Seifert 2011). 
Complementarily, we assessed the spatial patterns of actual presences that are correctly pre-
dicted (sensitivity) versus actual absences that are correctly predicted (specificity). For this 
purpose, we chose as probability threshold MAXENT´s maximum training sensitivity plus 
specificity logistic threshold (MTR), which has been shown to produce accurate predictions 
(Jiménez-Valverde and Lobo 2007; Svenning et al 2008). Thus, to investigate the spatial pat-
tern of true presences (TP) and false absences (FA) models were converted to binary maps 
(presence/absence) selecting the MTR of each model as a cut-off (Syfert et al 2013). Addi-
tionally, raw and corrected HSMs were visually examined and evaluated based on expert 
knowledge on the distribution of each species and the habitat types in with they are known 
to occur to ensure reliability and to identify the best performing final HSMs (e.g. Radosavl-
jevic and Anderson 2014; Brown 2014).

Step 4) Marten niche divergence

First, to explore spatial niche separation, we calculated and visually examined the spatial 
difference between occurrence probability values of the two species’ for the different HSMs: 
a) raw HSMs, and b) the corrected HSMs according to two different criteria i) those outper-
forming the raw in all aforementioned criteria and, ii) those HSMs with the lowest percent-
age of FA (Figure 2, step 4) 

Further, to statistically test if models produced for each species were more different than 
expected by chance, we computed an identity test in ENMtools v.1.4 (Warren et al 2008; 
Warren et al 2010), for the aforementioned three comparisons, by comparing the observed 
measure of niche overlap (Schoener’s D and Hellinger`s I metrics) to a null distribution cal-
culated with 100 replicates, in which the null hypothesis of niche identity is rejected when 
the empirically observed value is significantly different from the pseudo-replicate data set 
(Warren et al 2010).
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Marten’s presence data

From the 972 faecal samples collected, we selected 899 samples that were the freshest and 
highest quality for genetic analysis. 754 were genetically identified as one of the two marten 
species (Table S1). Thus, unequivocal species identification was possible in 83.87% of the 
samples. In the remaining 16.12%, the DNA extracted was not amplified by the primers 
used. The results of non-invasive genetic sampling together with the combination of un-
equivocal species records obtained in the framework of different carnivore surveys (n=532), 
resulted in a PO dataset with 541 pine marten and 745 stone marten locations to build the 
HSMs.

Bivariate scaling and variable pruning

The predicted relative habitat suitability, for each environmental variable at each scale 
and species, revealed high sensitivity of habitat relationships to the scale at which habitat 
variables were measured (Table S2). Comparisons among different scales revealed that most 
metrics were most strongly related to marten’s habitat suitability at broad-scales (16-32 
km, 48.75%), including all three categories of road density and the majority of landcover 
class-levels metrics across cover types. A significant difference between the stone and the 
pine marten was found regarding landcover landscape-level metrics (AI, CWED, ED and 
PD). While variables measured at broad scale performed best for the pine marten, variables 
at medium-scales (4-8 km) did better for the stone marten. Patch density (PD) for 6 of the 7 
landcover classes (except for patch density of natural forest, PD_Nat) had best performance 
at fine-scales (1-2 km) in both species. The CTI was the only metric selected at a high-res-
olution scale (125-500 m). After pruning, 22 variables remained from the initial set of 40, 
18 of which were shared by both species at diverse scales and 4 were unique to each species 
(Table S2).

Performance of multivariate HSMs

Among the 10 best performing multivariate models for each species (Table 2) the HSMs 
produced for the pine marten showed significantly higher discrimination ability, as measured 
by AUC, (AUC= 0.818-0.835) than those for the stone marten (AUC= 0.720-0.724). The best 
predictions of  both species´ habitat suitability were produced using variables measuring 

Results
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Table 2. Ten best performing raw multivariate models for the pine marten (Mm_r) and the stone marten 
(Mf_r) ranked by AUC values (A-J). Variables are ordered according to their relative contribution to the 
model. The scale at which each predictor showed the best performance is reported immediately after each 
variable. V.CAT: Variable categories: HP: Human-pressure, CL: Climate, LC: Landcover.

human-pressure (NAT, AUT, HWS), landcover metrics (SHDI, PLAND_Nat,Scr,Cr,Urb; 
PD_Fp,Ag,Pa,Cr,Urb; AREAam_Cr) and climatic (TEMP) metrics. Topographic variables 
(Rough and CTI) were not included in any high-performing models.

The most important predictor of both species’ occurrence was the percentage of urban 
areas (PLAND_Urb). The density of urban patches (PD_Urb) was also an important pre-
dictor. The influence of the human impact was further evidenced by the inclusion of both 
the percentage and the density of crops patches in all the stone marten models (PLAND_Cr, 
PD_Cr) and the correlation length of agroforesty mosaics (GYR_Ag) in 9 out of 10 pine 
marten models. Although to a lesser extent, the three types of road density metrics (HWS, 

SP MODEL V. CAT VARIABLES AUC 

PI
N

E
 M

A
R

T
E

N
 

Mm_rA HP,CL,LC PLAND_Urb 32km PLAND_NAT 2km TEMP 4km Gyr_Ag 32km PD_Fp 2km 0.835 

Mm_rB HP,CL,LC PLAND_Urb 32km PLAND_Cr 16km TEMP 4km Gyr_Ag 32km PD_Fp 2km 0.833 

Mm_rC HP,CL,LC PLAND_Urb 32km TEMP 4km Gyr_Ag 32km PD_Fp 2km AUT 8km 0.832 

Mm_rD HP,CL,LC PLAND_Urb 32km PLAND_NAT 2km TEMP 4km Gyr_Ag 32km AUT 8km 0.828 

Mm_rE HP,CL,LC PLAND_Urb 32km PLAND_Cr 16km TEMP 4km Gyr_Ag 32km PD_Pa 1km 0.828 

Mm_rF HP,CL,LC PLAND_Urb 32km TEMP 4km Gyr_Ag 32km PD_Fp 2km HWS 32km 0.828 

Mm_rG HP,CL,LC PLAND_Urb 32km PLAND_NAT 2km TEMP 4km Gyr_Ag 32km PD_Urb 2km 0.826 

Mm_rH HP,CL,LC PLAND_Urb 32km PLAND_NAT 2km TEMP 4km Gyr_Ag 32km PD_Ag 1km 0.825 

Mm_rI HP,CL,LC PLAND_Urb 32km PLAND_Cr 16km TEMP 4km Gyr_Ag 32km PD_Cr 1km 0.825 

Mm_rJ HP,CL,LC PLAND_Urb 32km PLAND_Cr 16km TEMP 4km Gyr_Scr 16km PD_Fp 2km 0.818 

ST
O

N
E

 M
A

R
T

E
N

 

Mf_rA HP, LC PLAND_Urb 32km PLAND_Cr 4km PLAND_Scr 32km AREAam_Cr 32km PD_Pa 2km 0.724 

Mf_rB HP, LC PLAND_Urb 32km PLAND_Cr 4km PD_Urb 2km PD_Pa 2km PLAND_Scr 32km 0.723 

Mf_rC HP,CL,LC PLAND_Urb 32km PLAND_Cr 4km PD_Pa 2km PLAND_Scr 32km TEMP 16km 0.723 

Mf_rD HP,LC PLAND_Urb 32km PLAND_Cr 4km PD_Urb 2km AREAam_Cr 32km PLAND_Scr 32km 0.723 

Mf_rE HP,LC PLAND_Urb 32km NAT 16km PD_Pa 2km PLAND_Scr 32km PLAND_Cr 4km 0.723 

Mf_rF HP,CL,LC PLAND_Urb 32km PLAND_Cr 4km AREAam_Cr 32km PD_Pa 2km TEMP 16km 0.722 

Mf_rG HP,LC PLAND_Urb 32km NAT 16km PD_Urb 2km PLAND_Scr 32km PLAND_Cr 4km 0.721 

Mf_rH HP, LC PLAND_Urb 32km PLAND_Cr 4km PD_Pa 2km PLAND_Scr 32km SHDI 2km 0.721 

Mf_rI HP,CL,LC PLAND_Urb 32km PLAND_Cr 4km PD_Urb 2km PLAND_Scr 32km TEMP 16km 0.721 

Mf_rJ HP,CL,LC PLAND_Urb 32km PLAND_Cr 4km AREAam_Cr 32km PLAND_Scr 32km TEMP 16km 0.72 
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AUT and NAT) were also included. The percentage of natural forested areas (PLAND_Nat) 
and patch density of forestry plantations (PD_Fp) were highly related to pine marten habitat 
suitability. Temperature was present in each of the pine marten`s best performing models, 
whereas the area covered by scrublands (PLAND_Scr) was associated with the presence of 
the stone marten.

We found significant differences in predictive performance between the multiscale HSMs 
with the highest AUC (Mm_rA and Mf_rA, Table 2) and the corresponding single-scale 
models at 1, 2, 4, 8, 16 and 32 km (Fig. S1). Multiscale models showed higher discrimination 
ability, as evidenced by the AUC values. Among the single-scale models, those including all 
variables measured at 1 km showed the weakest performance in the pine (AUCMM=0.790) 
and the stone (AUCMF=0.653) marten. The maximum performance for a single scaled model 
was archived at 8 km for the pine marten (AUCMM=0.810) and at 32 km for the stone mar-
ten (AUCMF=0.702) but far weaker than the optimized multiscale HSMs (AUCMM=0.835; 
AUCMF=0.724, Fig. S1).   

Bias correction methods in marten HSMs

No correction method (GK, SR, DP) or scale (1, 2, 4, 8 km) ranked best based on the 
three evaluation criteria (AUCTEST, AUCDIFF, % false absences; Table 3) for both martens. For 
the pine marten, only corrected models run with the Gaussian Kernel bias files (Mm_cGK) 
presented higher AUC values than the raw model. Mm_cGK and Mm_cDP presented lower 
overfitting (AUCDIFF) in contrast to what was observed for the Mm_cSR models. Regarding 
model sensitivity (% of actual presences correctly predicted) the best results were obtained 
for Mm_cGK and Mm_cSR models, while no Mm_cDP model showed higher values than 
the raw model. Only Mm_cGK2 outperformed the raw model in all pine marten compari-
sons, presenting higher AUC, smaller AUCDIFF values and slighter FA rate. Within the stone 
marten models, only corrections with Mf_cGKs improved the predictive performance and 
half reduced the overfitting. The proportion of FA was reduced in almost all Mf_cDP and 
Mf_cGK models but not in any Mf_cSR model. Mf_cGK1 and Mf_cGK2 were the only out-
performing the raw model in all comparisons. 

The distributions of TP and FA of a) raw HSMs (Mm_rA and Mf_rA), b) corrected HSMs 
i) outperforming the raw HSMs in all aforementioned criteria (Mm_cGK2 and Mf_cGK2) 
and ii) corrected HSMs with the lowest percentage of FA (Mm_cGK8 and Mf_cGK4) were 
visually explored (Fig. S2). Overall, correcting for geographic sampling bias led to a drop in 
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the actual locations that were predicted as absences (%FA, Table 3) and an increase in the 
area available for each species (%AREA, Table 3). In the pine marten models, no signifi-
cant increase in %FA was found in the Basque Country area (Fig. S2). In Navarre (n=134), 
however, FA were reduced by 21.6% (Mm_cGK2) and 74.7% (Mm_cGK8). Correcting for 
sampling bias also resulted in a smaller decease in FA in the stone marten (3.6%, Mf_cGK2 
and 17.8% Mf_cGK4).

Raw and corrected multiscale HSMs

Three final habitat suitability maps are presented for the pine marten (Fig. 3). The first is 
the raw Mm_rA, built with PLAND_Urb, PLAND_Nat, Temperature, GYR_Agr and PD_Fp 
variables at the best performing scale (Table 2) without spatially rarefying occurrence re-
cords or applying any bias file. Based on this model, we can clearly distinguish a region of 
mostly continuous natural forested area and forestry plantations from 800 to 1500 m show-
ing the highest probability of presence for the pine marten. A smaller patch on the west was 
also identified as an area of elevated probability. The optimal area of the pine marten was 
well-delimited with the probability decreasing sharply (Fig. 3). The second and third maps 
correspond to the corrected Mm_cGK2 and Mm_cGK8 models, built using the same vari-
able set, but including a bias file with sampling probabilities based on Gaussian Kernels at 2 
and 8 km, respectively. Accounting for sampling bias resulted in an increase in the percent-
age of optimum area available for the species (Mm_cGK2: 24.65%; Mm_cGK8: 39.32%) and 
a homogenization of the differences in probability. This resulted in the recognition of the 
Pyrenean range (near the French border) as a very suitable area for the pine marten, accu-
rately reflecting the known pattern of occurrence. Thus, the Mm_cGK8 model was selected 
as the optimal pine marten HSM due to its more realistic predictions. 

Stone marten HSMs showed, on average, lower predictive performance than the pine mar-
ten and no areas of AUC>0.8 were identified (Table 3). Stone marten models were built with 
PLAND_Urb, PLAND_Cr, PLAND_Bus, AREAam_Cr and PD_Pa variables at the best per-
forming scale. Habitat suitability values decreased gradually showing a wide gradient from 
very optimal (0.7-0.8) to optimal (0.5-0.7) and suboptimal conditions (<0.35). Although 
to a lesser extent, accounting for sampling bias also resulted in an increased in the suitable 
range for the stone marten (Table 3). As a result, based on the Mf_cGK4 model, the species 
could be more likely found in an extensive and continuous central region (Basque Country 
and north-western Navarre). Only few localities bordering the study extent are predicted to 
be non-suitable for the stone marten. The Mf_cGK4 model, which presented the lowest FA 
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Table 3. Performance of three correction methods (DP: distance to points, GK, Gaussian kernel, 
SR: spatial rarefaction at 4 scales for the pine (Mm_c) and the stone marten (Mf_c). “SP” refers to 
the species, “N” to the number of samples included in the model and “MTRS” to the Maximum 
training sensitivity plus specificity logistic threshold from MAXENT, “%FA” to the percentage 
of false absences, “%TF” to the percentage of true presences and “%AREA” to the percentage of 
area above the threshold. (e.g. Mm_cDP1 refers to the corrected HSM for the pine marten using 
distance to points method at 1km scale). Values outperforming those for the raw models are re-
ported in bold.

SP MODEL N AUCTEST AUCDIFF MTS % FA % TP % AREA 
PI

N
E

 M
A

R
T

E
N

 
Mm_cDP1 541 0.698 0.012 0.4759 34.38 65.62 35 

Mm_cDP2 541 0.735 0.013 0.4444 34.01 65.99 31.49 

Mm_cDP4 541 0.77 0.007 0.438 33.83 66.17 24.55 

Mm_cDP8 541 0.798 0.005 0.4542 35.49 64.51 20.96 

Mm_cGK1 541 0.813 0.004 0.4832 32.9 67.1 19.37 

Mm_cGK2 541 0.807 0.004 0.4937 29.21 70.79 24.65 

Mm_cGK4 541 0.801 0.005 0.4931 26.06 73.94 29.2 

Mm_cGK8 541 0.772 0.006 0.4339 19.22 80.78 39.32 

Mm_cSR1 322 0.755 0.011 0.4447 32.61 67.39 29.54 

Mm_cSR2 241 0.743 0.013 0.4177 19.92 80.08 36.55 

Mm_cSR4 138 0.702 0.032 0.3942 23.19 76.81 43.26 

Mm_cSR8 62 0.67 0.055 0.4542 33.87 66.13 38.44 

Mm_rA 541 0.804 0.011 0.4234 31.42 68.58 19.04 

ST
O

N
E

 M
A

R
T

E
N

 

Mf_cDP1 745 0.586 0.004 0.484 35.03 64.97 53.15 

Mf_cDP2 745 0.601 0.013 0.4546 22.42 77.58 60.09 

Mf_cDP4 745 0.645 0.022 0.4372 23.89 76.11 50.06 

Mf_cDP8 745 0.706 0.005 0.4324 23.76 76.24 43.61 

Mf_cGK1 745 0.722 0.002 0.4517 23.36 76.64 39.84 

Mf_cGK2 745 0.72 0.008 0.47 24.7 75.3 42.67 

Mf_cGK4 745 0.682 0.022 0.4879 21.07 78.93 45.9 

Mf_cGK8 745 0.641 0.011 0.4922 30.6 69.4 47.01 

Mf_cSR1 466 0.694 0.003 0.4502 30.47 69.53 40.37 

Mf_cSR2 355 0.663 0.012 0.4551 28.45 71.55 44.39 

Mf_cSR4 232 0.652 0.014 0.4595 33.19 66.81 44.57 

Mf_cSR8 99 0.583 0.081 0.4909 49.49 50.51 36.37 

Mf_rA 745 0.718 0.009 0.4294 25.64 74.36 38.77 
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rate and which showed the highest consistency with existing knowledge of the stone marten 
distribution, was selected as the stone marten optimized HSM. 

Environmental predictors of marten’s occurrence

Based on the top performing corrected HSM for the pine marten (Mm_cGK8) the most 
important variable (31.2% contribution) was the proportion of the landscape covered by 
urban areas measured at 32 km, showing a unimodal relationship peaking at 13% cover by 
urban land uses (Fig. 4). Other important predictors were the percentage of natural forests 
and temperature (26.1% and 20.3%, respectively). Occurrence probability increased until 
the area occupied by natural forest reached its maximum (100%, based on an area with a ra-
dius of 2 km) revealing a clear preference for this cover type. The temperature curve showed 
the opposite, depicting a dramatic drop in probability of occurrence as temperature rose. 
GYR_Agr provided a measure of landscape continuity of the agroforestry mosaics, and was 
positively correlated to the species presence at finers scales (200-800 m) and contributed 
18.6% to the model. The contribution of the patch density of forestry plantations (PD_Fp) at 
wide scale (32 km) was slight (3.8%) but positively related to the pine marten ocurrence up 
to intermediate values. 

The most important variable (contribution of 39.2%) of the best corrected HSM for the 
stone marten, (i.e. Mf_GK4), was the percentage of landscape covered by urban areas mea-
sured at 32 km, with the response curve showing suitable areas between 7 and 24% and with 
maximum probability at 15% (Fig. 4). The second variable in terms of importance (18.6%) 
was the percentage of crops at 4 km (PLAND_Cr) with probability maximal at 20%. The 
stone marten was more likely to be found in areas with a very low density of scrublands 
(<6%; PLAND_Scr) and in areas dominated by moderately large cropland patches (with an 
optimum size around 0.035 km2; AREAam_Cr) both at the broadest scale evaluated (32 km; 
Fig. 4). Stone marten occurrence was additionally influenced (7.5%) by the patch density of 
pastures (PD_Pa), with occurrence probability decreasing as the density of pasture patches 
increased at fine-scale (2 km). 

Martens niche divergence

The spatial differences in marten’s occurrence probability values revealed their divergence 
in habitat selection (Fig. 3). All three comparative maps revealed similar patterns, with the 
greener areas indicating a higher probability of finding pine martens than stone martens, 
and declining gradually with the growth in the likelihood of stone marten presence, shown 
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in purple (Fig. 3). The pine marten occurrence is predicted to be concentrated in the forests 
and scrublands of the western part of the study area, in the large and continuous natural 
forested area of northern Navarre and in the forested mountain ranges along the Canta-
bric-Mediterranean watershed boundary. On the other hand, the stone marten primarily 
selects the forestry plantations and valleys in the northern Basque Country and the extensive 
croplands in the south. The species was also found close to the cities where the probability 
of the pine marten was negligible. However, the stone marten is the only marten recorded in 
the natural forested areas of the more temperate southern region.

The Identity test further highlighted that the pine and stone marten niches were signifi-
cantly different (p < 0.01) as indicated by the disparity between the null distribution (Fig. 
5) and niche overlap values of both metrics observed for the comparative of the optimized 
HSMs (Mm_cGK8-Mf_cGK4; D=0.786 and I=0.859). The niche dissimilarity between mar-
tens was also detected for the Mm_rA-Mf_rA (D=0.709 and I=0.809) and Mm_cGK2-Mf_
cGK2 (D=0.770 and I=0.851; Fig. 5) combinations.
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Figure 4. Response curves as estimated from MAXENT showing log response of each marten to five 
environmental predictors. Probability of presence (logistic output) is shown on the y-axis while the 
range of the environmental predictor is shown in the x-axis. To prevent that the interaction of va-
riables affect the relationship modeled, the response curves are based on univariate models. Mean 
response of the 10 replicates is shown in red while the standard deviation is shaded in blue.
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Figure 5. Result for the niche identity test according to a) Schoener’s D metric. 
b) Hellinger`s I metric.. Martens measured niche overlap between species for 
the Mm_rA-Mf_rA, Mm_cGK2-Mf_cGK2 and Mm_cGK4-Mf_cGK8 HSMs 
combinations are reported with a simple, double and a dashed arrow respec-
tively while the histogram in white illustrates the distribution of overlaps from 
the pseudoreplicates.
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Effect of scale in marten’s habitat selection

Habitat selection of both pine and stone marten were determined by habitat predictors 
at divergent spatial scales. Fisher et al (2013) found that the spatial scale of habitat selection 
of a species was related to body size in 12 terrestrial mammals. The bigger the species, the 
larger the distance at which an animal would perceive landscape elements (i.e. its perceptual 
range). In this study, all six scales analyzed (1 to 32 km) were selected as the most predictive, 
depending on the habitat variable. Most variables were selected at 32 km (32.5%), indicat-
ing that martens respond to landscape features and structure at larger scales than predicted 
based on body size alone. 

Interestingly, road density metrics (evaluated at 9 scales) improved their predictive per-
formance at medium and high scales (8-32 km) despite what could have been expected if 
the inclusion of road casualties was significantly biasing the predictive performance of the 
species HSMs. 

The multiscale approach outperformed the single-scale multivariate HSMs for both spe-
cies, further supporting the scale dependence of the pine and stone marten habitat selec-
tion and corroborating previous studies conducted on martens (Martes spp. Bissonette and 
Broekhuizen 1995; Martes americana, Shirk et al 2012; Wasserman et al 2012; Shirk et al 
2014) and other mammals, such as the brown bear (Ursus arctos, Mateo-Sánchez et al 2013) 
and several bat species (Bellamy et al 2013). 

Environmental predictors shaping marten´s occurrence

The optimized HSM for the pine marten (i.e. MmcGK8), which showed that the species 
was positively associated with cooler areas with a small degree of human disturbance, a 
high proportion of natural forests, well-connected forestry plantations and medium-extent 
of agroforesty mosaics, is highly consistent with ecological knowledge about the species. 
For example, forested habitats are key features for all Martes species (Buskirk and Powell 
1994; Zalewski and Włodzimierz 2006). Forest offer the best combination of abundant food 
resources, low risk of predation and well insulated denning sites (reviewed in Virgós et al 
2012). In a recent study conducted in Italy, the distribution and density of pine marten scats 
(confirmed by DNA analysis) revealed their preference for woodlands (Balestrieri et al 2015) 

Discussion
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while its abundance was found to be related to the structure and degree of fragmentation of 
residual woods. 

In our study, as expected, both the percentage of natural forests (PLAND_Nat) and the 
presence of continuous forestry plantations (PD_Fp) were among the best predictors of the 
pine marten occurrence. The species was closely associated with natural forests, selecting the 
best preserved and connected mountainous forested regions. Brainerd and Rolstad (2002) 
found that forest structure was more important determinant of the pine marten habitat se-
lection than forest composition and age. Concordantly, presence was also related to connec-
tivity between woodlands (in this case, composed by plantation forests), with occurrence 
probability higher in unbroken patches than in fragmented forestry landscapes.

The pine marten has been persistently considered to be a forest specialist (Mergey et al 
2012). Yet, recent studies indicate greater habitat flexibility, and it has been found in agri-
cultural and fragmented landscapes (Balestrieri et al 2010; Virgós et al 2012; Balestrieri et al 
2015). In this study, the extent of agroforestry mosaics was among the variables most related 
to the species´ occurrence. This finding is in agreement with Ruiz-González et al (2014) 
where, in addition to woodlands, pine marten gene flow was facilitated by agroforestry mo-
saics, which represent a transition from forest to agriculture. One possible explanation is 
that, in fragmented landscapes of temperate regions, the diversity of a wide range of hab-
itat patches promotes higher diversity of food resources than continuous forests (Rosalino 
and Santos-Reis 2009). This “habitat-diversity” hypothesis has been shown to be related to 
elevated bird species diversity in moderately fragmented landscapes (e.g. Cushman and Mc-
Garigal 2004).

The optimized HSM for the stone marten (i.e. Mf_cGK4) clearly showed that the species’ 
presence was conditioned by the density of urban areas, the proportion and extensiveness of 
croplands, the existence of some scrub cover and the availability of semi-continuous grass-
lands. In recent studies, the stone marten was more often detected in rural areas (74.8%) 
than in forested habitats (25.2%; Santos and Santos-Reis 2010). We also found a tenden-
cy of the species to select human associated environments, mostly villages surrounded by 
extensive agricultural areas. However, in the Iberian Peninsula the stone marten is not as 
synantropic (Delibes 1983; Rodrigues et al 2011) as in other parts of Europe (e.g. Germany, 
Luxemburg or Poland), where it is very common in suburban and urban areas, often den-
ning and resting in buildings and barns and causing damage to roofs, insulation and car 
engines (Proulx et al 2004; Tikhonov et al 2008; Herr et al 2009). In addition to urban envi-
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ronments, medium-sized croplands and small scattered pastures together with some shrub 
cover, which provide food, shelter and areas of lower predation risk (Buskirk and Powell 
1994; Herrmann 1994), were the main determinants of stone marten habitat selection. Thus, 
its presence was better explained by the simultaneous use of different human dominated 
landcover types. This result is in concordance with those reported by Barrientos and Virgós 
(2006) and Santos and Santos-Reis (2010), where individuals followed a complementation/
supplementation strategy with a temporal segregation of food resources, corroborating the 
importance of mosaic habitats for stone martens compared to strict forest habitats (Virgós et 
al 2000; Virgós and García 2002; Santos and Santos-Reis 2010). 

Importance of bias correction methods in HSMs building

All datasets derived from opportunistic samplings are likely to suffer from geograph-
ic bias, which can strongly affect the predictive performance of the HSMs (Fourcade et al 
2014). In addition, when dealing with common and widespread species, observations are 
frequently under-reported (Fourcade et al 2014). However, such data are often the only data 
available for many species, and must be used with caution, employing the most appropriate 
sampling bias correction. 

To date, no consensus exists regarding the most appropriate metrics and thresholds for 
selecting from a candidate set of models (Lobo et al 2008; Warren and Seifert 2011; Kram-
er-Schadt et al 2013). In the raw HSMs, the areas predicted as the most suitable for each 
species tightly matched those with the highest density of species records, indicating effects 
of sampling bias. The application of GKs significantly smoothed the overfitting due to the 
clumped locations, increased the AUC, halved the FA in the pine marten HSMs, decreased 
error rates up to 20% in the stone marten, and improved the predictions of the raw models 
in the Pyrenean region (NE Navarre), tightly matching the areas where the pine marten has 
been documented to occur. Thus, GKs led to the most realistic potential ranges for these 
mustelids based on the knowledge of their distribution and the climatic and landcover vari-
ables in the area.

Unexpectedly, SR, identified as the most effective sampling bias correction method in 
recent papers (Kramer-Schadt et al 2013; Boria et al 2014; Fourcade et al 2014), performed 
poorly across all criteria and spatial resolutions and, in most cases, produced poorer HSMs 
than the raw ones. DP corrections were also among the less efficient correction methods, in 
congruence to results reported by Fourcade et al (2014). Based on the evidence, we strongly 
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recommend evaluating several correction methods and choosing the one that suits each 
particular species, sampling scheme and objective best. 

Niche divergence in sympatric martens

Even if both mustelids are widespread through the area and coexist locally in some forest-
ed regions, the optimized HSM comparison (Mm_cGK8-Mf_cGK4) showed a clear spatial 
segregation and niche divergence, which was further supported by the results of the niche 
identity test. In agreement with Delibes (1983), Reig (1992) and Virgós et al (2000), we 
observed that the pine marten in northern Spain was most frequently found in forested 
landscapes whereas the stone marten was often associated with agricultural and suburban 
landscapes. The observed pattern could be a product of the interspecific competition among 
martens, favoring the slightly bigger pine marten, with the stone marten occupying higher 
quality forests when pine marten is absent and expressing niche displacement away from 
preferred pine marten habitats when co-occurring (Delibes 1983; Virgós and García 2002).

The smaller extent of high probability areas of the pine marten occurrence has been ex-
plained as a consequence of both the direct persecution during recent decades and the in-
creasing effects of forest fragmentation and loss (López-Martín 2007). The stone marten, 
which shows a greater behavioral plasticity, would likely have colonized areas previously 
inhabited by the pine marten, increasing the isolation of its subpopulations. 

In this study, conducted on the south-western edge of a Eurosiberian species range, tem-
perature played an important role in driving pine marten distribution, which showed a clear 
preference for cooler and higher elevation environments. Hence, temperature can be consid-
ered a limiting factor determining the pine marten distribution across the area, constrain-
ing the species southward expansion and shaping the differences in habitat selection of the 
two species. Consequently, the actual distribution of the pine marten is likely to be further 
reduced under a climate change scenario, while an increase in temperature is expected to 
benefit the more thermophilic stone marten.

A comparison conducted in central Poland showed how these closely related species can 
coexist by differentiating in the use of three-dimensional space in forests and their response 
to open areas and transformed habitats (Goszczyński et al 2007). Recently, a telemetry based 
study revealed how the species differed  in resting patterns (pine martens rested almost ex-
clusively in forest while stone martens rested in open zones in the proximity of urban areas) 
and thus in habitat use, which enables coexistence in the same macrohabitat (Larroque et al 
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2015). In this study we also described how these species can co-occur in certain areas but 
how each species is influenced by a different set of variables explaining their distribution. 
Certainly, a fine resolution (pixel size) of the environmental variables is essential to explore 
the preferences of each marten species in a landscape of highly intermixed small patches 
and to detect the significant niche divergence among martens that otherwise may remain 
unknown. 

Our results emphasize the importance of analyses conducted at appropriate spatial scales, 
providing additional support for the need of habitat suitability models that account for the 
scale at which each environmental characteristic is measured. In addition, the incorporation 
of the Gaussian Kernel method for sampling bias correction led to a robust prediction of 
each species distribution, and was more accurate than raw models and the two alternative 
bias correction methods. Based on these results we recommend that all PO based HSMs 
should account for sampling bias. 

 Overall, the pine marten was positively associated with cooler areas with a small degree of 
human disturbance, a high proportion of natural forests, well-connected forestry plantations 
and medium-extent of agroforesty mosaics. On the other hand, the stone marten presence 
was conditioned by the density of urban areas, the proportion and extensiveness of crop-
lands, the existence of some scrub cover and the availability of semi-continuous grasslands. 

The high resolution sampling grain selected resulted in the inclusion of small but im-
portant landscape elements and patches, particularly decisive in a fragmented and hetero-
geneous area, which allowed the detection of the significant niche divergence found in the 
closely related marten species co-occurring in northern Spain. To our knowledge, this is the 
first study comparing multiscale habitat selection and niche divergence of two related mar-
ten species. Further, this study provides a useful methodological framework for multispecies 
and multiscale comparisons. 

Conclusions
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Table S1. Marten locations used to build the habitat suitability models (n=1286).

The table is too big to print in less than 15 pages. Thus, before the papers are published the table 
will be available online (dropbox folder) in the following link:
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Figure S1.  Comparative of the performance of the multiscale and the single-scale models. 
The AUC values obtained for the pine marten across scales are shown in green and those 
for the stone marten are shown in purple. The AUC values obtained for the multiscale 
models are reported last.
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Figure S2. Distribution of false absences (FA) and true presences (TP) for the raw and two corrected HSMs 
for Martes spp. FA are colored in orange while TP are shown in green. The raw Mm_rA and the corrected 
Mm_cGK2 and Mm_cGK8 are reported in the first column while Mf_rA, Mf_cGK2 and Mf_cGK4 are repre-
sented in the second. 
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Abstract The location of pine marten records in northern
Italy suggests that main rivers may play the role of
natural corridors favouring this species’ colonisation of
cultivated lowlands. We assessed the distribution and
habitat use by the pine marten on a 35 km long stretch
of the River Ticino. Surveys were carried out between
October 2011 and June 2012 along linear transects in a
2 · 2 km grid. Using the variation in marking intensity
as an indicator of habitat use, habitat selection was as-
sessed at two landscape levels—at transect-scale by the
v2 test with Bonferroni’s confidence intervals for the
proportion of use, and at grid-scale by multiple linear
regression. By a polymerase chain reaction–restriction
fragment length polymorphism method, 91 faecal sam-
ples were assigned to the pine marten. Faeces were
mainly located in wooded areas, while fields were avoi-
ded. At the grid-scale of analysis, marking intensity was
positively related to the mean area of wooded patches

and negatively to their mean perimeter-area ratio. This
suggests that pine marten relative abundance may par-
tially depend on the degree of fragmentation and
structure of residual woods. The survey protocol al-
lowed to assess the probability of detection. Occupancy
models outlined that heterogeneity in detection proba-
bility may arise as a result of variation in marking
intensity, i.e. the number of marking individuals. Our
results suggest that the availability of both woodland
corridors and wood patches are major factors shaping
pine marten distribution in intensively cultivated plains
and that non-invasive genetic surveys are a cost-effective
method for future studies at a broader scale.

Keywords Non-invasive genetic
sampling Æ Detectability Æ Faecal DNA Æ Stone
marten Æ Northern Italy

Introduction

In the Mediterranean region, human population growth,
agricultural intensification and the consequent loss of
natural habitat have led to a general decline of biodi-
versity in both plain and coastal areas (Matson et al.
1997; Benton et al. 2003; Lepers et al. 2005). Plains show
the lowest species richness, with the exception of some
small wet areas and residual riparian woods, which
support a more diverse fauna than surrounding habitats
(e.g. Warkentin et al. 1995; Bentley and Catterall 1997;
Hilty and Merenlender 2004).

A major biological effect of habitat fragmentation
caused by anthropogenic modification is the decline of
species that need large areas of connected natural hab-
itats to meet their ecological requirements (Beier 1993;
Mortelliti et al. 2010). Mammal distribution is particu-
larly affected by the increased isolation and reduction in
area of habitat patches (Bright 1993; Waldron et al.
2006) and habitat fragmentation is considered a major
cause of the decline of forest-dwelling species (Reed
2004).
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The pine marten (Martes martes) has been long
considered a forest-specialist and its generalized decline
has been imputed to the combined effects of large indi-
vidual home ranges and deforestation (Buskirk 1992;
Buskirk and Zielinski 2003). Nonetheless, recent studies
have shown that the pine marten can colonise agricul-
tural landscapes with highly fragmented woods (Bale-
strieri et al. 2010; Mergey et al. 2011; Caryl et al. 2012),
suggesting that, as already observed in Mediterranean
Italy (De Marinis and Masseti 1993), it is not such a
strict forest-dweller as previously believed (see Virgós
et al. 2012).

In Italy, the pine marten occurs sympatrically with
the closely related stone marten (Martes foina) in
mountainous areas, while in plain areas only the stone
marten has been reported (Genovesi and De Marinis
2003a, b). Currently, the pine marten is colonising the
western sector of the intensively cultivated Po plain (N
Italy), where it probably went extinct at the end of the
1960s (Mantovani 2010), and pine marten expansion
seems to coincide with the contraction of the stone
marten range (Remonti et al. 2012).

The pattern of pine marten expansion seems to sug-
gest that water systems may play the role of natural
corridors favouring the dispersal of the pine marten
from subalpine areas and the colonization of agricul-
tural lowland (Fig. 1).

Riparian zones are important for maintaining land-
scape connectivity (Naiman et al. 1993; Taylor et al.
1993) and biological connections for wildlife (Clerici and
Vogt 2013). The use by dispersing mammals of both
natural and man-made linkages has been reported for
several species (see Bennett 2003 for a comprehensive
review). Corridors can assist the range expansion of
both scarcely and highly mobile mammals, from mea-
dow vole Microtus pennsylvanicus (Getz et al. 1978) to
mink Neovison vison, which, following its introduction,
has spread in Great Britain through river corridors
(Harris and Woollard 1990).

As in most European lowlands (Coles et al. 1989;
Bennett 2003), in northern Italy main rivers form linear
habitats covered with remnant riparian vegetation,
crossing clearly distinct, heavily disturbed farmland and
urban areas. Lowland woods cover only 1,750 km2, of
which about 70 % are located in the western and central
plain of the River Po (Camerano et al. 2010) as small
residual fragments (mean area 4.5 ha; Lassini et al.
2007). The plain of the River Ticino includes the largest
and best conserved riparian woods of northern Italy and
represents the less altered river corridor of the western
basin of the River Po, a critical European region from a
conservation perspective (Clerici and Vogt 2013).

Records of road-killed pine marten suggested that the
valley of the River Ticino may represent a suitable dis-
persal route for the pine marten (Balestrieri et al. 2010).
Accordingly, since 2005 a stable pine marten population
has dwelt in a small agricultural area, 5 km to the west
of the River Ticino, about 20 km upstream its conflu-
ence in the River Po (Remonti et al. 2012). Thus, we

aimed to draw the actual distribution of both pine and
stone marten in the downstream, 35 km long section of
the River Ticino valley and assess the pattern of pine
marten habitat use in a fragmented landscape. To ac-
count for martens elusiveness and the difficulty of dis-
tinguishing its tracks from those of other medium-sizes
carnivores, we applied a non-invasive genetic sampling
method based on mtDNA extracted from faecal samples
(Ruiz-González et al. 2008).

As the survey protocol involved repeated surveys, we
also modelled the effects of both habitat variables and
marking intensity on the probability of pine marten
detection, in order to evaluate the cost-effectiveness of
the survey method a major factor to consider in the
design of occupancy surveys for carnivore mammals
(Slauson et al. 2009; Long et al. 2011).

Study area

The Italian stretch of the River Ticino flows southwards
from the southern edge of Lake Maggiore to the median
course of the River Po, forming a 110 km long and, on
average, 7 km wide valley.

The valley is partly protected by two Regional Parks:
the Park of the Ticino Valley (Lombardy), covering
906.4 km2 and the Natural Park of the Ticino Valley
(Piedmont), 62.5 km2.

The river crosses an intensively cultivated and
urbanized plain, where mesophilous—Fraxino-carpin-
ion—and hygrophilous—Alno-Ulmion, Alnion glutinoso-
incanae, Salicion albae—woods are still widespread in-
side the weave of meanders, streams, canals and oxbow
lakes which characterise the downstream stretch of the
river. On the whole, water-bodies cover an area of about
48 km2, while wet woods account for 87 km2 (Prigioni
1995).

Pine marten monitoring focused on the lower part
of the valley, from the towns of Vigevano and Ab-
biategrasso (Milan, Lombardy) in the north to Grop-
ello Cairoli village (Pavia, Lombardy) in the south
(Fig. 2). This ca. 35 km long stretch of the river has a
mean annual discharge of about 300 m3s�1 and a
catchment area of more than 7,000 km2. Mean percent
riparian vegetation cover, as assessed in a 100 m large
belt on both river banks for seven 5 km long river
stretches, is 47.8 % (min–max: 12–86 %; Prigioni and
Balestrieri 2011).

The climate is temperate, mean annual values being
13 �C for air temperature and ca. 700 mm for rainfall.

Methods

Collection and genetic identification of faecal samples

Surveys were carried out within a 2 · 2 km grid (Fig. 2),
superimposed on the kilometric grid of digitalized,
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1:10,000 Regional Technical Maps. Grid size was chosen
as to broadly correspond to pine marten mean home
range in Tuscany (370 ha; Del Fante 2012).

Sampling was conducted between October 2011 and
June 2012 along linear transects drawn along wood/field
margins, paths and country roads to cover both open
and forested habitats. Transects were surveyed 1–3 times
each (mean ± SD = 2.44 ± 0.87).

A portion (ca. 1 cm) of each ‘‘marten-like’’ faeces (i.e.
<10 mm large and then suspected to belong to the pine
marten; for more details on faeces identification, see
Remonti et al. 2012) was picked up using sticks stored in
autoclaved tubes containing ethanol 96 % and frozen at
�20 �C until processed (Ruiz-González et al. 2008).

Bi-monthly variation in marking intensity was
checked by comparing the observed number of faecal
samples to that expected based on the overall transect
length covered during each period (N = 4).

DNA was isolated using the QIAamp DNA Stool
Mini Kit (Qiagen) according to the manufacturer’s
instructions. The specific identification of faecal samples
was accomplished by a polymerase chain reaction–
restriction fragment length polymorphism (PCR–RFLP)
method, according to Ruiz-González et al. (2008). Two
primers amplify the mtDNA from Martes martes, M.
foina and four Mustela species, of which only the
European polecat Mustela putorius had been previously
reported for our study area, whilst red fox (Vulpes vul-

Fig. 1 Distribution of pine
marten road kill records
(1988–2012; grey dots) in the
western and central River Po plain
(a) (Balestrieri et al. 2010;
Mantovani 2010) and with respect
to northern Italy (b). Main rivers
and lakes are shown in dark grey,
while the light grey line is the
300 m a.s.l. contour line, which
broadly marks the upper limit of
the plain

Fig. 2 Genotyped faecal samples
into 21, 2 · 2 km grid squares
surveyed in the valley of the River
Ticino (a), and location of the
study area in Italy (b)
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pes) faeces, which can be easily mistaken for those of
martens (Davison et al. 2002), render no amplicons. The
simultaneous digestion of amplified mtDNA by two
restriction enzymes (RsaI and HaeIII), generates differ-
ent restriction patterns for each mustelid species (i.e.
DNA fragments differing in both number and length),
allowing the unambiguous identification of faecal sam-
ples (see Ruiz-González et al. 2008 for further details).

Habitat use

Based on CORINE Land-Cover maps, satellite images
and ground surveys, a land-cover, digitalized, 1:10,000
map was produced by a Geographic Information System
(QGis�).

Habitat selection was assessed by a use-availability
design (Garshelis 2000) at two landscape levels, using
faeces relative distribution as an indicator of habitat use.

Faecal counts have been widely used for assessing the
abundance and habitat preferences of many mammal
species (Putman 1984; Kohn and Wayne 1997; Gese
2001). Their reliability has been long debated (e.g.
Kruuk et al. 1986; Messenger and Birks 2000), the
interpretation of survey results involving several
assumptions about marking activity and dropping
identification (Sadlier et al. 2004). Nonetheless, faecal
counts have been recently reported to be effective esti-
mators of both relative abundance and habitat use by
other carnivores (Clavero et al. 2006; Guter et al. 2008;
Lanszki et al. 2008; Rosalino et al. 2008; Balestrieri et al.
2009; Kauhala and Salonen 2012).

To assess habitat use at transect-scale, faecal samples
were georeferenced and assigned to a habitat type. Three
main habitat types were considered: woods, poplar
plantations and cultivated fields (mainly maize and rice).
Samples located within a 5-m wide strip on each side of
the border between two different habitat types were as-
signed to both habitats with a 0.5 score. The Chi squared
(v2) test was performed to test for the goodness of fit of
used habitat to available habitat types (White and
Garrott 1990). Expected frequencies were calculated
based on the overall transect length covered for each
habitat. To determine whether a habitat was selected or
avoided Bonferroni’s confidence intervals for the pro-
portion of use of each habitat were checked:

Pi � za=2k:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pið1� PiÞ

N

r
\Pi\Pi þ za=2k:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pið1� PiÞ

N

r
;

where: Pi is the proportion of use of the ith habitat, N is
sample size, z is the percentage point of the standard
normal distribution corresponding to an upper tail
probability of a/2 k, a is the level of significance and k is
the number of habitat types (Neu et al. 1974; Byers et al.
1984).

To assess habitat use at grid scale, the following
variables of potential importance to pine marten distri-
bution were measured for each square:

a. W: percentage of woods,
b. U: percentage of urbanised areas,
c. C: percentage of cereal crops,
d. P: percentage of poplar plantations,
e. H: Shannon’s index of habitat diversity,
f. minDr: minimum distance from the River Ticino

(with minDr = 0 for all grid squares including a river
stretch),

g. MWA: mean area of wooded patches, as to account
for the degree of fragmentation of pine marten
potentially preferred habitat,

h. MPAR: mean perimeter-area ratio of wooded pat-
ches, representing their compactness.

The influence of the measured variables on pine
marten marking intensity, (MI = number of genetically
identified faeces found in each grid square/total transect
length per square) was tested by means of a multiple
linear regression, using two different approaches.

First, we used a stepwise (forward selection) method
to identify which variables were related to pine marten
marking intensity (SPSS 12.0.1; SPSS, Chicago, IL,
USA). Deviation from normality of the residual distri-
bution was tested by Shapiro–Wilk’s test.

Then we performed a linear multiple regression for
each subset of uncorrelated (Pearson’s test, p > 0.05)
explanatory variables, entering all independent variables
simultaneously. The obtained models were ranked by
second order Akaike Information Criterion (AICc;
Sugiura 1978), selecting those showing DAICc values
<2 (DAICc = AICci � min AICc, where min AICc is
the AIC value of the 1st-ranked model; Burnham and
Anderson 2002; Posada and Buckley 2004; Mazerolle
2006). The analysis was performed by the software SAM
4.0—Spatial Analysis in Macroecology (Rangel et al.
2010).

Before the analyses, all variables were tested for
normality. To achieve normality, U and MPAR were
rank transformed, C was square-root transformed, while
MWA, P and the length of linear transects were
log(x + 1) transformed. Being a frequency of occur-
rences, MI was log(x + 1) transformed and modelled as
a linear function of independent variables (Quinn and
Keough 2002).

Detection probability

The influence of habitat variables on pine marten
probability of site occupancy (W) and detection proba-
bility (p) was analysed by the likelihood-based method
for modelling occupancy data proposed by MacKenzie
et al. (2002). This modelling is analogous to traditional
capture-recapture methods, but uses the proportion of
sites occupied by the target species as a state variable
(rather than individuals). The goal is to assess W
knowing the species is not always detected, even when
present. As the method requires multiple surveys in a
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demographically closed system (i.e. closed to changes of
the occupancy state during the sampling interval; Mac-
Kenzie et al. 2003), in a sub-sample of 17 grid squares 1
transect (mean length: 3.6 ± 1.38 km) was surveyed
three times between November 2011 and April 2012 (i.e.
they were suspended before the time the cubs-of-the-year
are supposed to start to scent mark; Genovesi and De
Marinis 2003b), as to compile replicate observations into
a sequence of 1’s (detections) and 0’s (non-detections).
As grid size was almost equal to the size of home ranges
and each home range was not occupied by more than
two individuals of same-sex because of territorial
behavior (Balharry 1993), we could assume detections at
different sites to be independent.

As an example, the likelihood for site i with history
010 would be:

Wi 1� pi;1
� �

pi;2 1� pi;3
� �

;

with Wi: probability of site i occupancy; and pi,n: detec-
tion probability for each visit. Assuming independence
of sites, the product of all terms (one for each site)
constructed in this manner creates the model (Mac-
Kenzie et al. 2002). W may be some function of site
characteristics and p may vary with certain variables;
using a logistic model this information can be intro-
duced to the model as, respectively, site- and survey-
covariates, (MacKenzie et al. 2002).

Analyses were run by the software PRESENCE
(Hines 2006), using single-season models. As pine mar-
ten presence was expected to depend on wood avail-
ability and connectivity (Zalewski and Jedrzejewski
2006), 10 habitat covariates were measured: the length of
the transect (L), the percent length of the transect cov-
ered by wood (Wt), the overall area of the wood patch
crossed by each transect (Wa), wood patch perimeter
(Wp), the minimum distance between the wood patch
covered by the transect and the nearest >2 km2 large
wood patch (Dnw), the mean distance between each
transect and the river (Dr), the percent cover of woods
(W), urban areas (U) and crops (C) into each grid
square; the mean distance between each transect and the
nearest urban area (Du) was considered as an index of
human disturbance. To avoid multicollinearity, Spear-
man’s correlation (with a = 0.01) test was used to check
for any relationship between the covariates. Five
covariates (L, Wa, Dnw, %Wt and W) were then selected
for modelling.

Variation in marking intensity has been reported as
a potential cause of heterogeneity in detection proba-
bilities (Balestrieri et al. 2011a). As any non-invasive
genetic survey for Martes species is a two-step pro-
cess—the collection of ‘‘marten-like’’ faeces in the field
and their later identification by genetic analyses in the
laboratory, we included as a survey covariate the
abundance of ‘‘marten-like’’ faeces (FA = number of
‘‘marten-like’’ faeces per km), recording each survey as
either 0 or 1 according to the results of genetic anal-
yses.

Before the analyses, all covariates were standardised
by the Z transformation (Donovan and Hines 2007).
Models were first ranked according to Akaike Infor-
mation Criteria values, excluding those showing delta
values ‡2 (Burnham and Anderson 2002). The goodness
of fit of the models was then assessed by Mackenzie and
Bailey’s test using 1,000 simulated bootstrap detection
histories (MacKenzie and Bailey 2004). To assess fit, the
test use a Chi square approach, while the c-hat statistic is
used for adjusting the standard errors for the model
parameters (c-hat >1 indicates a lack of fit).

Naı̈ve probabilities (sensu MacKenzie et al. 2003)
were calculated as the number of transects or sites po-
sitive for pine marten over the total number of transects
or sites surveyed.

The minimum number of surveys required to statis-
tically establish the occurrence of the pine marten was
assessed by the probability model: Nmin = log (a)/log
(1 � p), where a = 0.05 sets the confidence level
(McArdle 1990; Reed 1996). To account for modelling
results, mean p was calculated for three classes of faeces
abundance—FA < 0.5 (N = 5), 0.51 < FA < 1
(N = 6), FA > 1.1 (N = 6)—using top model esti-
mates.

Results

Overall 160 ‘‘marten-like’’ faecal samples were collected
inside 21 of the 2 · 2 km large sampling squares
(84 km2; Fig. 2), on a total length of 273.9 km of tran-
sects (mean transect length ± SD = 3.33 ± 1.45 km,
min–max = 1.1–8.0 km), corresponding to 1.9 faeces/
km2 and 0.58 faeces/km, respectively. No time-related
variation in marking intensity was recorded (v2 = 3.81,
d.f. = 3, p = 0.28).

DNA was extracted from 123 (76.9 %) faecal sam-
ples, out of which 91 were assigned by our PCR–RFLP
method to the pine marten and nine to the stone marten,
corresponding to an overall species identification of
81.3 % of analysed samples.

The pine marten occurred in all surveyed squares,
averaging 4.3 ± 3.15 samples per square (min–max =
1–10; Fig. 2), while stone marten samples were found in
only two squares. Grid squares overlapping the river
showed 30–50 % of woodland, while inside neighbour-
ing squares the percentage of woodland decreased down
to 0.9 % (Table 3).

Most pine marten faecal samples (78.8 %) were col-
lected inside or at the margins of woods, whilst 16
(17.6 %) were found in poplar plantations or crops.
Along surveyed transects, faeces were not distributed
according to habitat availability (v2 = 15.6, d.f. = 5,
p < 0.001), being mainly sited in wooded areas, whilst
fields were avoided (Fig. 3).

At the grid-level of analysis, the stepwise regression
of the index MI on the habitat variables yielded a sig-
nificant model (R2 = 0.28, F = 7.49, d.f. = 20,
p = 0.013), which included only the mean area of
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wooded patches (MWA), positively related to pine
marten marking intensity (b = 0.57). Shapiro–Wilk’s
test shoved a normal distribution of residuals
(W = 0.93, p = 0.11). The AICc selected three models
(Table 1). The best model included the mean area of
wooded patches (MWA), positively related to pine
marten marking intensity, while the second model in-
cluded the mean perimeter-area ratio of wooded pat-

ches, negatively related to marking intensity
(b = �0.46; Fig. 4).

On the first sampling occasion, the pine marten was
genetically ascertained for 15 out of the 17 sampling
squares which were surveyed three times (Table 4). One
new site was identified during the second survey and an
additional one in the third survey. On average, 80.4 %
of squares yielded genetically identified pine marten
samples from a single survey.

Two occupancy models showed to be supported by
the data (DAIC scores <2; Table 2). The 2nd-ranked
model was the one which best fitted the occupancy
framework (MacKenzie and Bailey’s test: v2 = 0.031,
p = 0.18; c-hat = 0.26). Both models supported the
inclusion of only FA as a covariate, positively related to
the probability of detection. According to the best
model, pine marten detection probability was similar in
the first and third surveys (p ± SE = 0.88 ± 0.034 and
0.80 ± 0.012, respectively) and decreased in the second
one (p ± SE = 0.71 ± 0.041). These values almost
coincided with naı̈ve probabilities (0.88, 0.82 and 0.7,
respectively), as so as for the probability of site occu-
pancy (W = 1 for both raw data and top model) (Ta-
bles 3, 4).

According to the probability model, the minimum
number of surveys needed to ascertain pine marten
occurrence is 3.9 (CI = 3.0–5.2) where FA < 0.5 and
1.67 (1.66–1.69) where 0.51 < FA < 1, while only one
survey is needed where, on average, more than one
‘‘marten-like’’ faecal sample is found per kilometre of
transect.

Discussion

Although in the last two decades of the 20th century
sampling in plain areas was probably biased towards the
stone marten, indirect signs of presence having been
assigned to this species due to its well-known anthro-
pophilia (Sacchi and Meriggi 1995; Lanszki 2003; Herr

Fig. 3 Habitat selection by pine marten as assessed at transect-
scale by the comparison of the observed (‘‘use’’) and expected
(‘‘availability’’) frequencies (p) of faecal samples (statistical
significance according to Bonferroni’s confidence intervals;
*p < 0.01, **p < 0.001)

Fig. 4 Relationship between pine marten marking intensity (MI) and both the mean area (MWA) (a) and mean perimeter-area ratio
(MPAR) (b) of wooded patches into 21, 2 · 2 km wide grid squares. The two linear regressions selected by second order Akaike
Information Criterion are shown (see ‘‘Methods’’ section)

Table 1 Models resulting from linear multiple regressions of pine
marten marking intensity MI, ranked according to the Akaike
Information Criterion (AICc)

Explanatory variables
included in the model

R2 AICc DAICc AICc
weight

MWA 0.282 �52.166 0.000 0.14
MPAR 0.226 �50.573 1.5935 0.07

MWA mean area of wooded patches, MPAR mean perimeter-area
ratio of wooded patches, P percent cover of poplar plantations,
DAICc delta AICc, see ‘‘Methods’’ section
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et al. 2009), our results draw a quite different picture,
with the pine marten as the most widespread Martes
species on the River Ticino (in terms of the number of
both genotyped samples—91 versus 9—, and positive
squares—21 versus 2).

As supported by the exponential increase in road-kill
reports (Balestrieri et al. 2010), the spreading of the pine
marten in the valley may have occurred during the last
15 years. This rapid expansion stresses the role of
riparian woods as a suitable corridor for pine marten
colonisation of a landscape largely dominated by agri-
culture and artificial land-cover. Unfortunately, infor-
mation about the status of the pine marten in Italy is
insufficient to determine the causes of pine marten
expansion, although, on the Alps, increased forest cover
may have favoured the growth of pine marten popula-
tions (O’Mahony et al. 2012), as occurred for other
forest species (e.g. Jepsen et al. 2004).

In our study area, the distribution of pine marten
samples confirmed its preference forwoodlands.Although
signs were found not only in large woods but also in small,
isolatedwoodplots andonwooded slopes andcanal banks

surrounded by agricultural land, the relation between
marking intensity andmeanwood size and perimeter-area
ratio suggests that pine marten relative abundance de-
pends on the structure and degree of fragmentation of
residual woods (see also Pereboom et al. 2008).

Neither marking intensity nor occupancy rates de-
creased with the distance of the sampling transects from
the river. As the main aim of the study was to assess pine
marten distribution and habitat use along a potential
river corridor, transect distance from the river never
exceeded 5 km. Thus, our survey-scale may have been
inadequate to detect the effect of this habitat variable.

Our results are consistent with those obtained by
radiotelemetry in rural areas of France (Pereboom et al.
2008) and Scotland (Caryl et al. 2012), suggesting that
the pine marten is more generalist in terms of habitat
preferences than previously reported (Virgós et al. 2012).
Such ecological generalization should increase the like-
lihood that individuals will find suitable resources in a
new area (Mettke-Hofmann et al. 2002; Echeverrı́a et al.
2006; Moritz et al. 2008; Poyry et al. 2009), including
man-altered habitats (Musiani et al. 2003). Accordingly,

Table 3 Habitat variables of potential importance to pine marten distribution, total length of surveyed linear transects and pine marten
marking intensity (MI) in 21, 2 · 2 km wide grid squares

Grid square W
(%)

U
(%)

P
(%)

C
(%)

H minDr
(km)

MWA (km2) MPAR TL
(km)

MI

1 17.7 1.7 1.0 79.5 0.29 4.61 0.70 0.009 7.92 0.76
2 8.9 6.8 2.7 81.6 1.24 3.96 0.06 0.031 4.19 0.24
3 13.5 7.9 9.1 69.3 1.57 3.05 0.13 0.032 6.77 0.15
4 11.0 0.7 6.7 81.3 1.18 1.97 0.11 0.027 9.34 0.43
5 5.8 1.5 5.5 86.5 1.22 3.22 0.05 0.094 15.27 0.07
6 0.9 0.5 9.7 88.8 0.71 1.64 0.01 0.062 10.07 0.10
7 13.8 1.7 22.0 62.1 1.72 2.88 0.11 0.036 11.64 0.34
8 3.9 0.8 12.7 82.4 1.17 0.89 0.07 0.038 7.48 0.53
9 42.2 0.3 7.4 42.7 1.96 0.00 0.51 0.021 37.93 0.21
10 52.5 1.6 0.0 36.7 1.81 0.00 0.70 0.024 8.96 1.01
11 22.1 5.0 21.4 51.4 1.88 1.16 0.10 0.031 13.37 0.52
12 54.4 0.8 18.4 26.4 1.67 0.41 1.09 0.024 29.78 0.34
13 47.5 0.1 16.8 21.5 2.53 0.00 0.33 0.034 15.02 0.60
14 53.7 0.0 15.9 28.2 2.29 0.00 0.19 0.046 23.04 0.30
15 26.2 22.2 23.0 20.7 2.87 0.00 0.17 0.021 6.30 0.48
16 57.8 0.0 17.7 8.5 2.22 0.00 0.22 0.098 26.31 0.27
17 12.3 0.7 15.6 70.3 1.44 0.19 0.10 0.030 9.73 0.21
18 20.6 1.7 0.0 68.6 1.99 0.00 0.08 0.031 6.55 0.15
19 36.5 1.2 5.9 31.7 2.73 0.00 0.10 0.048 11.45 0.09
20 30.0 18.4 5.4 29.1 2.49 0.00 0.28 0.034 3.16 0.32
21 59.3 0.0 2.7 35.1 1.23 0.00 2.21 0.007 9.61 0.42

W, U, P, C: percent cover of woods, urban areas, poplar plantations and crops, respectively, into each grid square; H: Shannon’s index;
minDr: minimum distance to the river; MWA: mean area of wooded patches; MPAR: mean perimeter-area ratio of wooded patches; TL:
transect length; MI: marking intensity, expressed as number of faeces km�1; see ‘‘Methods’’ section

Table 2 Top occupancy models obtained by PRESENCE (Hines 2006) and ranked according to Akaike Information Criteria (AIC)

Model AIC DAIC AIC weight Model likelihood �2Log (likelihood)

W(.), p(int) p(FA) 14.49 0.00 0.3353 10,000 8.49
W(.), p(int) p1(FA) p2(FA) p3(FA) 14.79 0.30 0.2886 0.8607 4.79

p1,2,3: detection probability during each survey; int: intercept;W: probability of site occupancy; FA: marten-like faeces km�1; DAICc: delta
AICc, see ‘‘Methods’’ section
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diet analyses suggested that in agricultural habitats the
pine marten can cope with the reduced availability of
small mammals by relying on introduced Eastern cot-
tontail Sylvilagus floridanus (Balestrieri et al. 2011b).

The aims and spatial scale of occupancy surveys drive
the choice of survey protocols. For large scales, the need
to maximise the cost-effectiveness of the surveys may
lead to lower the chance of detecting the target species
(Slauson et al. 2009). By the non-invasive genetic
method adopted, species identification was obtained for
a rather high percentage of faecal samples with respect
to other available approaches (e.g. 58 %, Lucentini et al.
2007; 53.4 %, Pilot et al. 2006), confirming the results of
previous studies carried out by the same method
(Rosellini et al. 2008; Ruiz-González et al. 2008, 2013;
Balestrieri et al. 2010, 2011b). Although sample size was
small, multiple surveys allowed us to point out that, as
previously reported for the Eurasian otter Lutra lutra
(Balestrieri et al. 2011a), heterogeneity in detection
probability and hence the effort (i.e. the minimum
number of surveys) needed to ascertain the presence of
the target species may arise as a result of variation in the
number of marking individuals (see also Kéry 2002;
Balestrieri et al. 2011a, b), which should be accounted
for by occupancy models (Royle and Nichols 2003).

Variation in p over the three surveys suggests that it
may partially depend on covariates different from those
tested, such as rain or cloud cover, which can affect the
ability of surveyors to detect faecal samples (Olson et al.
2011). We suggest that future survey protocols have to
involve multiple surveys, adjusting the overall effort per
sample unit on the basis of the number of ‘‘marten-like’’
faeces recorded per km of transect.

In regions exposed to intense anthropogenic pressure,
riparian areas are severely threatened, in spite of their
crucial role for landscape connectivity (Clerici and Vogt
2013). Although further studies are needed to assess the
actual pine marten distribution in the lowlands of
northern Italy, on the basis of our results we can
hypothesise the availability of both woodland corridors
and wood patches spread in the crop matrix to be major
factors shaping the distribution of this marten species in
the Po-Venetian plain. The PCR–RFLP method adop-
ted in this study, if combined with the search for faecal
samples by trained surveyors (see also Ruiz-González
et al. 2013), represents a cost-effective tool for future
investigations on pine marten distribution at a broader
scale.
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13). Aritz Ruiz-González (Ref: DKR-2,012-64) and Maria Vergara
(Ref: RBFI-2,012-446) were supported by a post-doctoral and PhD
fellowships awarded by the Dept. of Education, Universities and
Research of the Basque Government. We thank Pietro Tirozzi and
Andrea Serioli, who helped with sample collection in the field for
their degree theses. Lesley C. Wright kindly revised the paper for
English language use. The comments of two anonymous reviewers
helped to improve the final version of the manuscript.

References

Balestrieri A, Remonti L, Prigioni C (2009) Habitat selection in a
low-density badger Meles meles population: a comparison of
radio-tracking and latrine surveys. Wildl Biol 15:1–7

Table 4 Detection histories and survey- and site-covariates for each sampling station

Site Detection history FA (marten like
faeces km�1)

L Wa Wp Mean Dr Dnw Du Wt W U C

S 1 S 2 S 3

1 0 0 1 0.00 0.00 0.25 4.0 0.60 1.70 4.63 2.80 1.23 10.75 6.13 1.63 91.54
2 0 1 1 0.00 0.23 0.69 4.34 2.29 20.56 0.41 0.05 2.50 74.10 28.50 17.53 37.80
3 1 0 0 0.53 0.00 0.00 3.74 6.96 62.47 0.62 0.05 3.45 82.20 54.38 0.80 44.77
4 1 0 0 0.72 0.00 0.00 2.77 0.60 1.70 5.05 3.60 0.34 37.10 6.13 1.63 91.54
5 1 1 1 0.12 0.62 0.25 8.01 6.96 62.47 0.56 0.05 0.99 41.10 38.47 0.30 54.42
6 1 0 1 0.88 0.00 0.88 2.26 0.05 1.90 3.71 0.43 2.28 39.10 13.60 1.65 84.33
7 1 0 1 1.34 0.00 0.69 3.72 0.06 17.58 3.03 2.40 1.20 13.70 0.92 0.52 98.50
8 1 1 1 0.25 1.31 0.65 3.06 2.29 20.56 0.49 0.05 3.39 92.00 48.93 0.00 37.54
9 1 1 1 0.97 0.38 1.12 4.13 6.96 62.47 2.23 0.05 1.99 53.40 54.38 0.80 44.77
10 1 1 1 0.62 1.40 0.83 4.80 2.29 20.56 0.55 0.05 2.20 63.20 52.82 0.00 44.95
11 1 1 0 0.61 2.46 0.00 1.63 6.96 62.47 2.18 0.05 2.34 53.30 3.72 0.75 95.28
12 1 1 1 1.99 0.66 0.66 3.01 0.60 2.90 5.34 4.50 1.02 58.70 17.74 1.72 80.53
13 1 1 1 0.29 0.61 2.45 3.26 1.20 8.12 1.48 0.25 1.20 98.20 52.82 0.00 44.95
14 1 1 1 1.03 0.54 2.15 2.93 0.27 3.96 2.94 0.03 0.61 32.30 23.02 5.17 71.67
15 1 1 1 1.39 2.71 1.16 2.58 6.96 62.47 0.60 0.05 2.39 79.10 40.88 0.09 46.90
16 1 1 1 0.56 3.61 2.72 3.57 2.84 10.82 0.42 0.75 1.33 68.60 52.48 1.59 36.73
17 1 1 1 2.87 1.91 1.59 3.54 0.99 15.22 0.25 0.04 2.18 95.00 12.34 0.69 85.86
Mean 0.83 0.98 0.95 3.61 2.88 25.76 2.03 0.89 1.80 58.34 29.84 2.05 64.24
SD 0.75 1.09 0.84 1.38 2.84 25.32 1.79 1.46 0.90 26.86 20.53 4.17 23.57

(S: survey; L: length, km; Wa: wood area, km2; Wp: wood perimeter, km; Dr: distance to the river, km; Dnw: minimum distance between
wood patches, km; Du: mean distance to urban areas, km; Wt: percent length of wood covered by each transect; W, U, C: percent cover of
woods, urban areas and crops, respectively, into each grid square; see the ‘‘Methods’’ for details)

122

Chapter II



Balestrieri A, Remonti L, Ruiz-González A, Gómez-Moliner BJ,
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Gómez-Moliner BJ, Prigioni C (2011b) Food habits of geneti-
cally identified pine marten (Martes martes) expanding in
agricultural lowlands (NW Italy). Acta Theriol 56:199–207

Balharry D (1993) Social organization in martens: an inflexible
system? Symp Zool Soc Lond 65:321–345

Beier P (1993) Determining minimum habitat areas and habitat
corridors for cougars. Conserv Biol 7:94–108

Bennett AF (2003) Linkages in the landscape: the role of corridors
and connectivity in wildlife conservation. IUCN, Gland, p 254

Bentley J, Catterall C (1997) The use of bushland, corridors, and
linear remnants by birds in southeastern Queensland, Australia.
Conserv Biol 11:1173–1189

Benton TG, Vickery JA, Wilson JD (2003) Farmland biodiversity:
is habitat heterogeneity the key? Trends Ecol Evol 18:182–188

Bright PW (1993) Habitat fragmentation: problems and predictions
for British Mammals. Mammal Rev 23:101–111

Burnham KP, Anderson DR (2002) Model selection and infer-
ence—a practical information-theoretic approach, 2nd edn.
Springer, New York 488 pp

Buskirk SW (1992) Conserving circumboreal forests for martens
and fishers. Conserv Biol 6:318–320

Buskirk SW, Zielinski WJ (2003) Small and mid-sized carnivores.
In: Zabel CJ, Anthony RG (eds) Mammalian community
dynamics: management and conservation in the coniferous
forests of western North America. Cambridge University Press,
Cambridge, pp 207–249

Byers CR, Steinhorst RK, Krausman PR (1984) Clarification of a
technique for analysis of utilization-availability data. J Wildl
Manag 48:1050–1053

Camerano P, Grieco C, Terzuolo PG (2010) I boschi planiziali:
conoscenza, conservazione e valorizzazione. Regione Piemonte,
Blu edizioni, Torino, p 167

Caryl FM, Quine CP, Park KJ (2012) Martens in the matrix: the
importance of nonforested habitats for forest carnivores in
fragmented landscapes. J Mamm 93:464–474

Clavero M, Prenda J, Delibes M (2006) Seasonal use of coastal
resources by otters: comparing sandy and rocky stretches. Es-
tuar Coast Shelf Sci 66:387–394

Clerici N, Vogt P (2013) Ranking European regions as providers of
structural riparian corridors for conservation and management
purposes. Int J Appl Earth Obs 21:477–583

Coles TF, Southey JM, Forbes I, Clough T (1989) River wildlife
data bases and their value for sensitive environmental man-
agement. Regul Rivers 4:179–189

Davison A, Birks JDS, Brookes RC, Braithwaite TC, Messenger
JE (2002) On the origin of faeces: morphological versus
molecular methods for surveying rare carnivores from their
scats. J Zool Lond 257:141–143

De Marinis AM, Masseti M (1993) Pine marten Martes martes on
the island of Elba. Small Carniv Conserv 8:13

Del Fante S (2012) Comportamento spaziale della martora (Martes
martes) in ambiente appenninico. Dissertation, Department of
Earth and Environmental Sciences, Pavia University

Donovan TM, Hines J (2007) Exercises in occupancy modeling and
estimation. http://www.uvm.edu/envnr/vtcfwru/spreadsheets/
occupancy/occupancy.htm

Echeverrı́a AI, Vassallo AI, Isacch JP (2006) Experimental analysis
of novelty responses in a bird assemblage inhabiting a suburban
marsh. Can J Zool 84:974–980

Garshelis DL (2000) Delusions in habitat evaluation: measuring
use, selection, and importance. In: Boitani L, Fuller TK (eds)
Research techniques in animal ecology: controversies and
consequences. Columbia University Press, New York,
pp 111–164

Genovesi P, De Marinis AM, (2003a) Martes foina. In: Boitani L,
Lovari S, Vigna Taglianti A (eds), Fauna d’Italia Mammalia
III, Carnivora—Artiodactyla. Calderini, Italy, pp 117–128

Genovesi P, De Marinis AM (2003b) Martes martes. In: Boitani L,
Lovari S, Vigna Taglianti A (eds), Fauna d’Italia. Mammalia
III, Carnivora—Artiodactyla. Ed Calderini, pp 106–117

Gese EM (2001) Monitoring of terrestrial carnivore populations.
In: Gittleman JL, Funk SM, Macdonald DW, Wayne RK (eds)
Carnivore conservation. Cambridge University Press, Ithaca,
pp 372–396

Getz LL,Cole FR,GatesDL (1978) Interstates roadsides as dispersal
routes forMicrotus pennsylvanicus. J Mammal 59:208–212

Guter A, Dolev A, Saltz D, Kronfeld-Schor N (2008) Using vid-
eotaping to validate the use of spraints as an index of Eurasian
otter (Lutra lutra) activity. Ecol Indic 8:462–465

Harris S, Woollard T (1990) The dispersal of mammals in agri-
cultural habitats in Britain. In: Howard DC, Bunce RGH (eds)
Species Dispersal In Agricultural Habitats. Belhaven Press,
London, pp 159–188

Herr J, Schley L, Roper TJ (2009) Socio-spatial organization of
urban stone martens. J Zool Lond 277:54–62

Hilty JA, Merenlender AM (2004) Use of riparian corridors and
vineyards by mammalian predators in Northern California.
Conserv Biol 18:126–135

Hines JE (2006) PRESENCE2—software to estimate patch occu-
pancy and related parameters. USGS-PWRC. http://www.mbr-
pwrc.usgs.gov/software.html

Jepsen JU, Topping CJ (2004) Modelling roe deer (Capreolus ca-
preolus) in a gradient of forest fragmentation: behavioural
plasticity and choice of cover. Can J Zool 82:1528–1541

Kauhala K, Salonen L (2012) Does a non-invasive method—latrine
surveys—reveal habitat preferences of raccoon dogs and bad-
gers? Mamm Biol 77:264–270
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Rosellini S, Osorio E, Ruiz-González A, Pineiro A, Barja I (2008)
Monitoring the small-scale distribution of sympatric European
pine martens (Martes martes) and stone martens (Martes foina):
a multievidence approach using faecal DNA analysis and
cameratraps. Wildl Res 35:434–440

Royle JA, Nichols JD (2003) Estimating abundance from repeated
presence-absence data or point counts. Ecology 84:777–790

Ruiz-González A, Rubines J, Berdión O, Gómez-Moliner BJ
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The stone marten is a widely distributed mustelid in the Palaearctic region that exhibits 
variable habitat preferences in different parts of its range. The species is a Holocene immi-
grant from southwest Asia which, according to fossil remains, followed the expansion of the 
Neolithic farming cultures into Europe and possibly colonized the Iberian Peninsula during 
the Early Neolithic (ca. 7,000 years BP). However, the population genetic structure and his-
torical biogeography of this generalist carnivore remains essentially unknown. In this study 
we have combined mitochondrial DNA (mtDNA) sequencing (620 bp) and microsatellite 
genotyping (23 polymorphic markers) to infer the population genetic structure of the stone 
marten within the Iberian Peninsula. The mtDNA data revealed low haplotype and nucleo-
tide diversities and a lack of phylogeographic structure, most likely due to a recent coloni-
zation of the Iberian Peninsula by a few mtDNA lineages during the Early Neolithic. The 
microsatellite data set was analysed with a) spatial and non-spatial Bayesian individual-ba-
sed clustering (IBC) approaches (STRUCTURE, TESS, BAPS and GENELAND), and b) 
multivariate methods [Discriminant Analysis of Principal Components (DAPC) and spatial 
principal component analysis (sPCA)]. Additionally, because isolation by distance (IBD) is 
a common spatial genetic pattern in mobile and continuously distributed species and it may 
represent a challenge to the performance of the above methods, the microsatellite data set 
was tested for its presence. Overall, the genetic structure of the stone marten in the Iberian 
Peninsula was characterized by a NE-SW spatial pattern of IBD, and this may explain the 
observed disagreement between clustering solutions obtained by the different IBC methods. 
However, there was significant indication for contemporary genetic structuring, albeit weak, 
into at least three different subpopulations. The detected subdivision could be attributed to 
the influence of the rivers Ebro, Tagus and Guadiana, suggesting that main watercourses in 
the Iberian Peninsula may act as semi-permeable barriers to gene flow in stone martens. To 
our knowledge, this is the first phylogeographic and population genetic study of the species 
at a broad regional scale. We also wanted to make the case for the importance and benefits 
of using and comparing multiple different clustering and multivariate methods in spatial 
genetic analyses of mobile and continuously distributed species. 

Keywords: Genetic structure; Bayesian clustering; Multivariate methods; Isolation by dis-
tance; Microsatellites; mtDNA; Martes foina; Iberian Peninsula.
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Introduction

In continuous populations, genetic structure vary from a single identifiable group of indi-
viduals, with gene flow only restricted by the distance among them, to an unknown number 
of subpopulations separated by barriers to gene exchange [1,2]. Species with high dispersal 
abilities and weak habitat specificity are expected to show little population genetic differ-
entiation (e.g. [3]). However, recent studies conducted on broadly distributed species have 
revealed cryptic patterns of genetic structuring in apparently continuous populations due to 
historical processes and/or the presence of major topographic and landscape features [4–6]. 
Population and landscape genetic studies often apply individual-based Bayesian clustering 
(IBC) algorithms to detect genetic discontinuities, which are subsequently correlated with 
landscape characteristics [1,7–10]. The application of IBC methods to data sets characterized 
by a pattern of isolation by distance (IBD) may, however, often result in an overestimation 
of population subdivision, especially when the sampling design is irregular [1,11,12]. Thus, 
[13] suggested comparing the outputs of several IBC algorithms, in addition to testing for 
the presence of IBD, to infer a genetic structuring that could be empirically explained. The 
performance of IBC methods in landscape genetics has been extensively demonstrated in 
studies and simulations comparing different approaches [1,8,10,11,14–17]. STRUCTURE is 
one of the most widely used IBC algorithms to infer the number of clusters in a data set and 
assign individuals to those clusters based exclusively on their multilocus genotypes [18,19]. 
Conversely, IBC programs such as BAPS [20], GENELAND [14] or TESS [21,22], allow the 
use of geo-referenced samples in their spatially-explicit models. The spatial prior (i.e. the 
geographic location of each sample) may provide more support to clustering solutions and 
be particularly helpful in the case of sparse sampling [23]. Multivariate ordination analyses 
(e.g. sPCA and DAPC) have been suggested as an alternative to IBC algorithms because 
they do not make any assumption about the underlying population genetic model [24,25]. 
Thus, a consensual solution from the combination of different approaches (i.e. Bayesian and 
multivariate analyses) can be used to obtain reliable inferences on spatial genetic patterns 
[10,15,17], which may be particularly cryptic and/or complex in mobile and continuously 
distributed taxa [3].

The stone marten, (Martes foina, Erxleben, 1777) is one of the most widely distributed 
mustelids in Eurasia [26]. It is present in the Middle East, central Asia and in central and 
southern Europe, with the Iberian Peninsula representing the western limit of its distribu-
tion. In parts of its range the stone marten is associated with human-dominated environ-
ments (e.g. [27]) but in Iberia the species prefers mosaic habitats [28], forest, scrublands 
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and rocky areas rather than urbanized environments [29–31]. Nevertheless, its generalist 
ecological requirements contribute to the species being locally abundant and ubiquitous in 
the Iberian Peninsula. The limited fossil evidence suggests that stone martens are present 
in this region since the middle Holocene (ca. 7,000 years before present (BP) [32,33]), as a 
result of a range expansion by the species from southwest Asia into Europe early in the Ho-
locene following the expansion of the Neolithic farming cultures of the Near East [32–34]. 
However, the details of the historical biogeography of the stone marten in Europe are essen-
tially unknown. In any case, the Iberian Peninsula, because it is only connected to the rest 
of continental Europe by the Pyrenean isthmus, offers an interesting scenario to investigate 
how landscape barriers shape the distribution and population structure of the species as it 
expanded throughout the peninsula after its arrival in Iberia.

Several genetic studies within Martes species with a phylogeographic or taxonomic focus 
have relied on mtDNA sequencing (mainly D-loop and Cytochrome b regions) because the 
relatively fast evolutionary rate of mtDNA is well suited to examine events that occurred 
hundreds of thousands to a few million years ago (reviewed in [35]). More recently, the 
number of studies on Martes spp. from population or conservation genetic perspectives and 
using microsatellites has steadily increased [6,36,37]. In contrast, either phylogeographic 
or population and landscape genetic investigations on the stone marten are virtually absent 
from literature [35], with the exception of two country-level studies [38,39]. Research on the 
genetic structure of Martes foina should be particularly interesting and challenging because 
it is more generalist than many other marten species [40]. 

In this study, we use mtDNA and microsatellite markers to investigate the phylogeogra-
phy and genetic structure of Martes foina in the Iberian Peninsula. This is the first thorough 
phylogeographic and population genetic survey of this species at a broad regional scale. The 
results of this work shed light on both the species’ history and current population structure 
in Iberia. We also use this case study to illustrate and argue for a consensual approach com-
paring complementary methods with distinct assumptions (Bayesian clustering algorithms 
and multivariate analyses) to accurately characterize genetic structure and to identify pro-
cesses shaping gene flow. 
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Ethic Statement

Samples included in the present study (S1 Table) were obtained from different sources; 
a) specimens from museum collections (n=68), b) samples from Wildlife Rescue Centres 
(WRC) collected by veterinaries with the permission of the corresponding regional wildlife 
authority (n=77), c) samples from road-killed individuals collected by wildlife researchers, 
veterinaries and rangers (n=154) and additionally, d) hair samples from live-trapped indi-
viduals obtained in the framework of field studies for other purpose than this study (n=53). 
Further details for each sample regarding its origin, type of collection, collector and per-
mission obtained (when requested) are listed in S1 Table. No animals were sacrificed or 
captured for this study. Therefore, a specific formal approval by an Institutional Animal Care 
and Use Committee was not necessary. 

Study area

The study area was the Iberian Peninsula, a region of 582,000 km2 at the south-west-
ern edge of Europe and comprising the mainland territories of Spain and Portugal and the 
country of Andorra (Fig. 1). On the north, west and southwest it is bordered by the Atlantic 
Ocean and on the east and southeast by the Mediterranean Sea, while the Pyrenees form the 
northeast edge of the peninsula, separating it from the rest of Europe. Iberia has a relatively 
high average altitude (600 m) due to the presence at the centre of a vast plateau, known as 
the Meseta. A series of other mountain ranges around the plateau and others located on the 
periphery of the peninsula complete the topographic outline. The major rivers, Ebro, Douro, 
Tagus, Guadiana and Guadalquivir, flow through the wide valleys between mountain sys-
tems. The Iberian Peninsula has the most varied mosaic of climates in Europe and represents 
the western limit of the stone marten distribution ([26], Fig. 1). 

Sample collection and DNA extraction

A total of 599 tissue and hair samples (Spain: n= 509; Portugal: n= 90) were obtained from 
museum collections and wildlife rescue centres or collected from road-killed or live-trapped 
stone martens throughout the Iberian Peninsula (Fig. 1). Tissue samples were preserved in 
ethanol 96% and frozen at -20ºC, while hair samples were stored in dry tubes until DNA ex-
traction. To monitor potential contaminations, we included one negative extraction control 

Material and methods
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per extraction session. DNA was extracted with the Qiagen DNeasy Tissue kit following the 
manufacturer’s protocol for tissue and hair samples.

Mitochondrial DNA sequencing and microsatellite genotyping

A fragment of 621 bp of mtDNA encompassing a portion of the cytochrome b gene, the 
threonine and proline tRNAs and the left domain of the control region was amplified with 

Figure 1. Map of the study area and of the stone marten distribution in Spain [41] with the geogra-
phic location of each genotyped (microsatellites) and/or sequenced (mtDNA) sample in the Iberian 
Peninsula. The inset shows the species range in Europe [26]. Dark grey dots, light grey dots and 
grey triangles represent individuals with microsatellite and mtDNA data, only microsatellite data and 
only mtDNA data, respectively. The Autonomous Communities mentioned in the paper are coded 
as follows: Galicia (GAL), Asturias (AST), Basque Country (BC), La Rioja (LR), Navarre (NAV) and 
Catalonia (CAT). The distributions maps were specifically generated  based on the information pro-
vided in [41] and [26] using the country borders and the reference grids layers from the European 
Environmental Agency as background, available in http://www.eea.europa.eu/data-and-maps/ under 
a Creative Commons Attribution license, and are therefore for illustrative purposes only.
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the primers L15533 [42] and H16437 (5´- GGA GCG AGA AGA GGT ACA-3´). PCRs were 
carried out in 15 µL comprising 3 µL of DNA extract (20–100 ng), 1X PCR buffer (NZY-
Tech), 2 mM MgCl2, 0.2 mM of each dNTP (Bioline), 1 uM of each primer, 0.17 ug/uL BSA 
(New England Biolabs) and 1.25U of Supreme NZYTaq DNA polymerase (NZYTech). The 
reactions were performed with an initial denaturation step at 94 °C for 5 min, followed by 55 
cycles at 94 °C for 30 s, 60 °C for 30 s and 72 °C for 1 min. The final extension was at 72 °C for 
7 min. PCR products were purified as in [42] and sequenced at Macrogen Inc. Electrophero-
grams were visually inspected using SEQSCAPE 2.5 (Applied Biosystems) and nucleotide 
sequences were aligned using the default parameters in CLUSTALX 2.0 [43] and manually 
checked in BIOEDIT 5.0.9 [44].

Samples were individually genotyped with a novel multiplex panel of 23 autosomal mi-
crosatellite markers comprising 13 recently described species-specific microsatellites (Mf 
1.1, Mf 1.11, Mf 1.18, Mf 1.3, Mf 2.13, Mf 3.2, Mf 3.7, Mf 4.10, Mf 4.17, Mf 6.5, Mf 8.7, Mf 
8.8, Mf 8.10; [45] and 10 additional markers described in closely related mustelids: Ma1 and 
Ma2 [46]; Mel1 [47]; MLUT27 [48]; Mvis072 [49]; Mvi57 [50]; Lut615 [51]; MP0059 [52]; 
and Lut435 and Lut453 [53]. The forward primers labelled with the dyes 6-FAM, NED, PET 
and VIC, were used in four PCR multiplex reactions (multiplex A, B, C and D; S2 Table). 
PCR multiplex amplifications were carried out using the QIAGEN Multiplex PCR kit, fol-
lowing the manufacturer’s protocol, at optimized annealing temperatures in a total volume 
of 9 μL with 1 μL of DNA and 2 pmol of each primer. We applied a hot-start thermocycling 
protocol with an initial polymerase activation at 95°C for 15 min, followed by 42 cycles of 
denaturation at 94°C for 30s, primer annealing at 57°C for 130s, and sequence extension at 
72°C for 1 min, and a final extension step at 60°C for 30 min. In addition to the negative 
controls for extraction, negative PCR controls were included. Multiplex PCR products were 
run on an ABI 3130XL automated sequencer (Applied Biosystems) with the internal size 
standard GS500 LIZ™ (Applied Biosystems). Fragment analyses were performed using GEN-
EMAPPER v. 4.0 (Applied Biosystems). 

The software GIMLET v 1.3.4 [54] was used to calculate the probability of identity with 
both the unbiased equation for small sample size (PID) and the equation for siblings (PID-
sibs), and to estimate genotyping errors [i.e. allelic dropout (ADO) and false alleles (FA)] 
from replicate genotyping. To check for genotyping errors in hair and tissue samples, we 
amplified 30 DNA extracts (hair samples: n=20; tissue samples: n=10) in four replicates. As 
errors were absent in both sample types, the remaining sample set was genotyped only once 
per locus.
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To map the spatial distribution of the analysed samples in the study area, the UTM coor-
dinates corresponding to each sample were projected onto a GIS (ArcGIS 10.0, ESRI) along 
with the haplotype and microsatellite data.

Mitochondrial DNA analysis

ARLEQUIN v. 3.5 [55] was used to estimate the amount of mtDNA variation through 
haplotype diversity (H) and nucleotide diversity (π) [56]. Haplotypic richness (Hr), stan-
dardized to the lowest sample size, was calculated using the rarefaction method implement-
ed in CONTRIB v. 1.02 [57]. To infer haplotype relationships, a median-joining network was 
constructed as implemented in NETWORK v. 4.6 [58]. The program DNAsp v. 5 [59] was 
used to calculate distributions of pairwise nucleotide differences (mismatch distributions), 
which may be informative about past demographic history: unimodal curves are expected 
in populations that have undergone a rapid population expansion and multimodal curves 
are typical of populations with a history of long-term demographic stability [60,61]. We also 
applied two neutrality tests in ARLEQUIN (Fu’s Fs, [62]; Tajima’s D, [63]) to obtain further 
clues concerning demographic history; significance was tested using 1,000 simulations un-
der a model of selective neutrality. 

Historical population size changes were also assessed using a coalescent-based Bayesian 
Skyline Plot (BSP) generated in BEAST v. 1.7.5 [64]. Under a coalescent model it is possi-
ble to infer population parameters from genetic sequence data, such as estimates of muta-
tion rate, divergence time, and effective population size through time. A relaxed lognormal 
clock was selected to construct the BSP. A substitution rate (μ) of 1.95 x 10-8 substitutions 
per nucleotide per year was estimated using equation D=2μT [56], where D is genetic dis-
tance and T is the time since divergence. Specifically, as an estimate of D we computed in 
MEGA v.6 [65] the raw maximum composite likelihood distance [66] between the stone 
marten haplotypes obtained in this study and the published haplotypes of sable Martes zi-
bellina (Genbank Accession Nos. KJ202610, KJ202613-5, KJ202623, KJ202625-7, KJ202633, 
KJ202636, KJ202640, KJ202644), and we assumed a time to the most recent common an-
cestor of 2.8 million years [67,68]. The best-fit model of nucleotide substitution for these 
sequences was HKY+I+G (α=0.33, I=0.780) according to the Akaike Information Criterion 
in jModelTest2 [69]. Chains were run for 75 million generations; trees were sampled every 
1,000 generations and the first 10% of the samples were discarded as burn-in. Four replicate 
runs were conducted to confirm convergence. 
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Population structure: Bayesian clustering and multivariate analysis

Population structure was first estimated using the program STRUCTURE v. 2.3.4 
[18,19,70] assuming population admixture and correlated allele frequencies within popula-
tions. Simulations were run with Markov Chain Monte Carlo (MCMC) of 106 iterations after 
a burn-in of 105. K was allowed to vary from 1 to 10 and 20 independent simulations were 
run for each K value to check for consistency in the results. To determine the most likely 
number of clusters we estimated the rate of change in the log probability of data between 
successive K values (∆K) as described by [71]. For the identified K value, we used CLUMPP 
v. 1.1.2 [72] to determine the population assignment probability of each individual across 
all simulations. Subsequently, a progressive partitioning approach, forcing K=2 within each 
inferred cluster, was used to test for finer sub-structuring (e.g. [8]). GENELAND v 4.0.3 [14] 
was run through an extension of R v.3.0.1 [73] under the correlated allele frequency model 
without spatial uncertainty in spatial locations. We allowed K to vary between 1 and 10 in 20 
independent runs, each with 105 iterations, a thinning of 100, a maximum number of nuclei 
of 1,000, and a maximum rate of Poisson process fixed at 333. The software TESS v.2.3.1 
[21,22,74] is designed for seeking  genetic discontinuities in continuous populations and 
estimating spatially varying individual admixture proportions, and can outperform other 
IBC methods at detecting migrants and recent contact zones between weakly differentiated 
populations [21]. Following the recommendations in [21], TESS runs were performed under 
the admixture model for 12,000 sweeps, with a burn-in period of 2,000 sweeps, interaction 
parameter set to 0.6, 10 independent runs per analysis and the maximum number of clusters 
fixed to Kmax = 10. Lastly, BAPS v. 6.0 [75] was run for both the microsatellite and mtDNA 
data sets using spatial clustering of individuals, since the spatial prior may strengthen infer-
ences for sparse molecular data [23]. Then, the membership coefficients of each individual 
calculated by the different IBC programs were plotted on a map of the study area in ArcGIS 
10.0 (ESRI), to assess the relationship between genetic discontinuities and landscape fea-
tures.

Multivariate analyses have been suggested as an alternative to Bayesian clustering algo-
rithms. Their main asset is that they can summarize the genetic variability without making 
strong assumptions about the underlying population genetic model, as they do not require 
populations to be in Hardy-Weinberg equilibrium (HWE) or linkage equilibrium (LE) be-
tween loci [24,25]. For instance, the discriminant analysis of principal components (DAPC), 
[25] identifies genetic clusters through sequential clustering and model selection. The meth-
od first transforms the genotype data into principal components and then uses k-means 
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clustering to define groups of individuals, with the best-supported number of clusters iden-
tified by the Bayesian Information Criteria (BIC). The spatial principal component analy-
sis (sPCA, [24]) can explicitly identify cryptic spatial patterns of genetic structuring across 
the landscape, including clines, accounting for spatial autocorrelation issues associated with 
neighbour-mating and sample distribution [11]. 

We tested for the presence of IBD across the study area using both a Mantel test and a 
spatial autocorrelation analysis. The Mantel test was performed between a matrix of pair-
wise Edward’s genetic distances [76] and a matrix of Euclidian geographic distances, with 
9999 permutations to assess significance. The Mantel test, as well as DAPC and sPCA, were 
implemented in R software v.3.0.1 [73] with the adegenet package [24]. Spatial autocorrela-
tion analysis, which allows examining the correlation of genetic and geographic distance at 
multiple distance classes, is typically more powerful than Mantel tests for uncovering ge-
netic structure [77]. The spatial autocorrelation analysis was performed in GENALEX v 6.5 
[78]. GENALEX generates an autocorrelation coefficient (r), which provides a measurement 
of the pairwise genetic similarity of individuals whose geographic separation falls within a 
specified distance class. The significance of the resulting correlogram was determined with 
the heterogeneity test of [79]. 

Finally, we used the software ALLELES IN SPACE (AIS, [80]), specifically developed to 
deal with cases in which individuals are continuously distributed possibly over large spa-
tial scales to obtain a Genetic Landscape Shape interpolation (GLSI) that allows visualizing 
patterns of genetic diversity across the landscape (a 50x50 grid surface with the distance 
weighting parameter set at 1). We also used AIS to conduct an allelic aggregation index 
analysis (AAIA, [80]), a test of non-random patters of spatial genetic diversity. Significance 
of RAVE (average allelic aggregation index) was tested through the use of 1,000 permutations. 

Genetic diversity: over the Iberian Peninsula and within each inferred cluster

Microsatellite genetic variation was characterized, for the whole study area and each in-
ferred cluster, by the number of alleles per locus (NA) and inbreeding coefficient (Fis) using 
GENETIX v 4.05 [81]. The software FSTAT v.2.9.3 [82] was used to calculate the observed 
and expected heterozygosities (HO and HE), the allelic richness (AR), the deviations from 
HWE, the genotypic disequilibrium among pairs of loci, and pairwise Fst values [83]. Statis-
tical significance was evaluated by running a MCMC consisting of 10,000 batches of 10,000 
iterations each, with the first 10,000 iterations discarded before sampling [84]. Significance 
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levels were adjusted with sequential Bonferroni correction in order to correct for the effect 
of multiple tests [85]. In addition to Fst, we also estimated genetic differentiation using Jost’s 
DEST [86] and G’’ST [87] in GENALEX v 6.5 [78]. MICROCHECKER v.2.2 [88] was used 
to check for potential scoring errors and the presence of null alleles. Sibship analysis was 
conducted using COLONY v. 2.0.4 [89], with a typing error rate set at 0.01. This approach 
considers the likelihood of the entire pedigree, as opposed to relatedness of individuals on 
a pair-wise basis.
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Mitochondrial DNA

After alignment and trimming the ends, a total of 621 base pairs were obtained from the 
252 sequenced individuals. Of the 621 aligned nucleotide sites, 12 were variable and 10 were 
parsimony informative, leading to a nucleotide diversity of 0.00169. We identified 12 haplo-
types (H1-H12), 11 excluding sites with gaps, and haplotype diversity was therefore relative-
ly low (0.705). Sequences of haplotypes H1 to H12 were deposited in Genbank (Accession 
Nos. KM972577-KM972588, S1 Table).

The median-joining network (Fig. 2) showed a star-like topology with most haplotypes 
differing by a single mutation from two common central haplotypes (H1 and H2), them-
selves also separated by a single substitution. Haplotype H12, found only in two samples 
from near the eastern Pyrenees, at eight mutational steps from the centre of the network was 
the sole exception to this pattern. The network did not suggest any marked phylogeographic 
structure, with the most common haplotypes (H1: 41.6%; H2: 31.3%) scattered throughout 
the Iberian Peninsula. 

However, haplotype frequencies differed notably between regions, with all of them having 
private haplotypes with the exception of region SW (Fig. 2). In the NW, H1 was the most 
common haplotype (68.5%) followed by H2 (20.4%), H7 (5.6%), the private haplotype H11 
(3.7%) and H4 (1.8%). In the NE (Fig. 2), H2 was the most frequent haplotype (38.9%), but 
some private haplotypes were also found in this region (H3, H8 and H10), including the 
most divergent haplotype H12, rendering the NE region the one with the highest haplotype 
diversity and haplotypic richness (S3 Table). The SW region, mostly corresponding to west-
ern Andalucía and south Portugal, harboured 5 haplotypes, the widespread H1 and H2 (55.9 
and 36.8% respectively) plus H5, H7 and H9. Lastly, in the SE region, the analysed samples 
had haplotypes H1 (38.1%), H5 (33.3%), H9 (9.5%), H2 (4.8%) and the private haplotype 
H6 (14.3 %).

The tests of Tajima´s D (-1.10943; p>0.1) and Fu´s Fs (-3.344; p>0.02) did not reject the 
null hypothesis of demographic stability. However, the BSP indicated a period of constant 
population size from 6,500 to 1,000 YBP, after which the Iberian population experienced a 
slow demographic expansion. 

Results
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BAPS analysis highlighted the mtDNA homogeneity of Iberian stone martens, as it only 
identified two clusters: one grouping all samples with haplotypes H1-H11 and another ex-
clusively with the two individuals carrying the divergent haplotype H12 that were sampled 
in NE Iberia close to the French border (Fig. 2). 

Microsatellites

We genotyped 333 stone martens from across the Iberian Peninsula (Spain: n=244; Por-
tugal: n= 89) and we obtained full multilocus genotypes at the 23 loci for 257 of the samples 
(77.17%). All samples were genotyped for more than 20 loci and therefore included in the 
analyses. 

The number of alleles ranged from four (Mf 1.11, Mf 1.18, Mf 2.13 and LUT453) to 13 (Mf 
4.17) with a mean number of alleles per locus of 6.52 (S2 Table). The overall PID using all 23 
loci was 3.563 X 10-17 and the overall PID-sib was 1.075 X 10-7. Mean observed heterozygos-
ity over all loci (Ho=0.49) was lower than expected heterozygosity (He=0.57). Twenty-four 
rare alleles (frequency <0.05) were detected while very rare alleles (frequency <0.01) were 
not found.

To avoid effects due to the underlying genetic structure, some analyses and tests were 
performed within the inferred clusters (see next section). Linkage disequilibrium was not 
apparent for any pair of loci within any of the clusters, before or after Bonferroni correction 
(p<0.05). Fis values were positive and significantly different from zero (p<0.001, S4 Table). 
As recommended by [90], the presence of null alleles was tested in three sets of 25 individu-
als from South Portugal, Basque Country and Catalonia, based on the results of the cluster-
ing analyses, and only three out of the 23 amplified loci showed signs of null alleles (Ma-2, 
Mf 2.13 and Mf 4.10). COLONY identified 16 full-siblings sampled from less than 1 km 
away (two road-killed individuals in Burgos, Spain) to almost 70 km apart (two samples col-
lected in Évora district, Portugal), whereas no parent-offspring dyads were detected. Thus, 
eight individuals (one from each dyad) were excluded from the dataset because the removal 
of full-siblings is expected to improve estimates of population structure [91]. 

Population genetic structure 

Among the Bayesian clustering approaches, the non-spatial algorithm implemented in 
STRUCTURE identified two clusters at the uppermost level (K=2, represented by dots and 
squares in Fig. 3a) following the criterion of Evanno et al [71]. Individuals located at the NE 
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and SW extremes had the highest membership coefficients (>0.9) while the other samples 
elsewhere in the study area showed admixed ancestry (data not shown), a pattern consistent 
with IBD structure (see below and also Fig. 4a). Progressive partitioning suggested subdi-
vision of the two clusters above, a clustering solution also hinted by the ∆K criterion. Of 
the four clusters, only one was relatively well delimited (in south Portugal, represented in 
yellow), but it was possible to roughly associate the others with NE Spain (Basque Country 
and Catalonia, in green), with an area from east to northwest Spain (in red), and with an area 
from north Portugal to south Spain (in purple) (Fig. 3a). BAPS and TESS also suggested K=4 
but with different cluster compositions among each other and from progressive partitioning 
in STRUCTURE, especially for the two middle clusters between NE Spain and SW Portugal 
(Figs. 3b and 3c).

BAPS grouped north Portugal with NW Spain (Galicia and Asturias) (in purple) and in-
ferred a cluster in east and central Spain from south of the River Ebro down to Andalucía (in 
red) (Fig. 3b), while TESS assigned individuals from Asturias to the latter group (in red; Fig. 
3c). GENELAND inferred the clustering solution (K=3) with higher spatial consistency and 

Figure 2. a) Geographic location of the 252 individuals sequenced for mtDNA in the Iberian Peninsula, 
which was divided into four regions (NE, NW, SE and SW). Pie charts represent the proportion of the sam-
ples with each haplotype in each region. b) Median-joining network of the 252 mtDNA sequences. Each 
haplotype (H1 to H12) is represented by a different coloured symbol (the same in the map). Grey numbers 
on the lines connecting haplotypes indicate the position of mutations in the alignment. “n” is the number 
of sequences in each haplotype. Less frequent haplotypes are represented by a square (n=1), diamond (n=2) 
and triangle (n=3) to facilitate their identification.
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more clearly defined cluster boundaries (Fig. 3d). The three identified genetic units are dis-
tributed in south Portugal (in yellow, n=57), over a large part of Iberia from NW Spain and 
north Portugal to east and south Spain (in red, n=126), and in NE Spain (in green, n=150).

Thus, the different Bayesian clustering methods converged in identifying two distinct ge-
netic units in NE Spain and south Portugal (Fig. 3). BAPS and TESS detected two additional 
clusters but they were incongruent between the two methods, while GENELAND was more 
conservative and grouped all the individuals elsewhere between NE Spain and south Portu-
gal into a single cluster. The GENELAND solution was the most consistent and meaningful 
geographically, and so the GENELAND clusters were chosen for further analyses of genetic 
diversity (S5 Table) including IBD (see below).

The multivariate DAPC identified K=5 as the optimal number of clusters by the Bayesian 
Information Criterion but, with the exception of the cluster in south Portugal, they were 
spatially admixed (Fig. 3e). The first principal component differentiated cluster 2 (in yellow) 
from the others, and the second principal component displayed a slight differentiation be-
tween cluster 1 (in green, mainly found in NE Spain) and clusters 3, 4 and 5 (in red, orange 
and purple respectively, and scattered and overlapping over the majority of the study area). 
Except for cluster 2, the ellipses delineating the spatial extent of each cluster were substan-
tially overlapping, suggesting weak genetic structuring overall.

Pairwise Fst values between clusters estimated by the different clustering methods ranged 
from 0.033 to 0.137 (S5 Table). Pairwise values of DEST and G’’ST, which correct the depen-
dency of Fst on the amount of within-population variation, were moderate to large and 
statistically significant (S6 Table). Notably, there was no agreement between the Fst values 
and the degree of geographic separation or how clearly defined were the boundaries between 
clusters.

An overall pattern of IBD was detected across the study area by both the Mantel test (0.296, 
p < 0.001; Fig. 4a) and the spatial autocorrelation analysis (heterogeneity test, p<0.01). The 
Mantel regression plot (Fig. 4a) displayed a single high-density nucleus indicating clinal 
variation, while the autocorrelation correlogram (Fig. 4b) showed a decline in the average 
relatedness as a function of linear geographic distance, with positive and significant values 
up to 450 km. The x-intercept of 452 km provided an estimate of the extent of non-random 
(positive) genetic structure, i.e., of the “genetic neighbourhood” of a population [92] (Fig. 
4b). The sPCA (r=0.633 p<0.001; Fig. 4c) and the Genetic Landscape Shape Interpolation 
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Figure 3. Map of the study area 
showing the results of the Ba-
yesian clustering algorithms 
and of the DAPC. Individuals 
are represented by dots and 
coloured to reflect the cluster 
they were assigned to with the 
highest membership coeffi-
cient in each analysis. The Ta-
gus, Ebro and Guadiana rivers 
are represented in blue. a) Plot 
from Structure Harvester for 
STRUCTURE results showing 
the modal value of K= 2 for the 
∆K method (left axis; blue dots 
connected by line) and K= 4 
for the maximum likelihood 
method (Mean L(K)± SD, ri-
ght axis; open circles); in the 
latter case the chosen K is that 
after which L(K) plateaus or 
increases slightly and the va-
riance between runs increases 
b) BAPS results (K= 4) c) TESS 
results (K= 4)  d) GENELAND 
results (K = 3) e) DAPC iden-
tified K=5 as the optimal num-
ber of clusters, each indicated 
by different colours and iner-
tia ellipses, the latter shown on 
the first two axes.
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from the AIS software (Fig. 4d) revealed a cline in allele frequencies from NE to SW Ibe-
ria. The AAIA identified significant allelic aggregation (RAVE=0.735, P=0.000), suggesting 
a non-random distribution of genotypes across the Iberian Peninsula. The strength of the 
spatial pattern along the NE-SW axis is further illustrated by the results of the clustering 
analyses (Fig. 3). 

Figure 4. a) Scatterplot showing the results of the Mantel test between the matrix of genetic distances 
and the matrix of geographic distances to test for the presence of IBD. Colours represent the relative 
density of points, with warmer colours indicating higher densities, while the line shows the correla-
tion between the two distance matrices. b) Correlogram of the average autocorrelation coefficient (r) 
as a function of distance classes of 50 km. Error bars bound the 95% confidence interval determined 
by bootstrap resampling (1,000 replicates) while confidence limits bound the 95% confidence interval 
about the null hypothesis of no spatial structure as determined by 999 permutations. c) Interpolation 
using a globally weighted regression of component 1 scores from the sPCA. Contours are component 
scores representing similarity across the landscape, with the arrow indicating the gradient found wi-
thin the study area. d) Genetic Landscape Shape Interpolation (GLSI). Surface plot heights reflect 
genetic distance patterns over the geographical landscape examined and the arrow indicates the gra-
dient found within the study area. 
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Phylogeography of the stone marten in the Iberian Peninsula

The results of several analyses of the mtDNA data support a relatively recent expansion 
of the stone marten population in the Iberian Peninsula, including the star-like topology of 
the median-joining network, the unimodal shape of the mismatch distribution, and the BSP 
estimates. The summary statistics Tajima´s D and Fu´s Fs did not reject the null hypothesis 
of selective neutrality and demographic stability, but the observed negative values of the pa-
rameters indicate an excess of rare mutations that may be due to recent population growth. 
The median-joining network and the BAPS results for mtDNA, together with the fact that it 
was found only in two individuals sampled close to the border with France, suggest that the 
divergent haplotype H12 is the result of a recent dispersal from France, and unrelated to the 
evolutionary history of the stone marten in Iberia since their first arrival in the peninsula. 
Other than this episode, the observed mtDNA diversity is consistent with a single coloniza-
tion event at the origin of the stone marten population in the Iberian Peninsula.

The BSP analysis suggested a period of constant population size from 6,500 to 1,000 YBP, 
after which the Iberian population experienced a demographic expansion. These estimates, 
given the absence of suitable calibration points, depend on the estimated substitution rate 
but agree remarkably well with the age of the oldest fossils of stone marten in the Iberian 
Peninsula, dating to 3,000-5,000 YBP in the north [32] and 7,000 YBP in the south [32,33]. 
In this context, it would be important to derive estimates of the time of the first migration 
of stone martens into Iberia based on their genetic divergence from other populations in 
Europe, particularly those closest to the Iberian Peninsula (currently underway). Also, be-
cause colonization from France across the Pyrenees is not the only possible scenario, since 
the stone marten could have been introduced from elsewhere in the Mediterranean range of 
the species [32–34].

In any case, the apparent recent colonization of the Iberian Peninsula could explain the 
lack of phylogeographic structure found in this study, in contrast to what was observed in 
the other marten species present in Iberia, the pine marten Martes martes [93]. Our results 
also support a single taxonomic unit in the Iberian Peninsula, in agreement with [41]. The 
purported differences in size and coloration leading to the recognition of two subspecies in 
Iberia, the nominal subspecies Martes foina foina (Erxleben, 1777) in the northern half of 
the peninsula and Martes foina mediterranea (Barrett-Hamilton, 1898) in the south, likely 

Discussion
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fall within the range of continuous morphological variation displayed by the species in the 
region.

The phylogeographic signal for the stone marten expansion across Iberia, after its putative 
arrival in NE Spain from France, is still visible in the spatial patterns of genetic diversity. 
Haplotype richness was highest in NE Spain and there was a clear east-west differentiation in 
haplotype frequencies (Fig. 2). The Ebro River, the upper courses of the rivers Douro, Tagus 
and Guadiana, and the Meseta in central Iberia have all likely continuously contributed to 
these patterns. In line, we observed a marked NE-SW cline of microsatellite allele frequen-
cies in the sPCA and GLSI analyses (Fig. 4).

Population genetic structure

The different Bayesian clustering methods did not converge to the same solution, but 
they all indicated two distinct genetic units in NE Spain and south Portugal (Fig. 3). Across 
methods, the cluster in south Portugal (Fig. 3, in yellow) was the most strongly differentiated 
one, as evidenced by the highest values of pairwise Fst (0.061-0.137, S5 Table), as well as of 
DEST and G’’ST (0.154 and 0.244, respectively; S6 Table). The individuals in this cluster had 
the highest membership coefficients in all IBC algorithms used (data not shown). The cluster 
was also supported by the substantial degree of genetic distinctiveness of the southern Por-
tuguese samples revealed by the interpolation plot (Fig. 4d). The cluster in NE Spain was less 
differentiated from the neighbouring cluster, as hinted by the smaller values of Fst (0.033), 
DEST (0.049), and G’’ST (0.080) (S5 and S6 Tables). Accordingly, the program TESS, which is 
especially suited for the detection of recent migrants [21], identified putative migrants be-
tween these two clusters.

Comparing these findings with the pattern of mtDNA differentiation, it can be hypoth-
esized that the increased microsatellite divergence of the clusters in NE Spain and south 
Portugal may be the result of the long-term barrier effect of the River Ebro and of the rivers 
Tagus and Guadiana, respectively, and the high mutation rate of microsatellites. The im-
portance of major rivers as barriers to gene flow in mesocarnivores has been identified in 
previous studies on other species (e.g. badger, Meles meles [94]; wildcat, Felis silvestris [9]). 
Interestingly, [7] in their study of the genetic structure of the Eurasian otter Lutra lutra, also 
using spatial and non-spatial IBC methods, found a genetic break in the Iberian Peninsula 
roughly corresponding to the course of the Tagus river. Similarly, in our study, GENELAND 
suggested that the location of the boundary separating the cluster in NE Spain might not 
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strictly correspond to the River Ebro, at variance with the results from BAPS and TESS (Fig. 
3). Although GENELAND is not an edge detection method itself, like for instance those 
based on Wombling [95] or on the Monmonier algorithm [80], it has been shown to consis-
tently outperform both boundary detection methods and other Bayesian clustering methods 
in detecting barriers to gene flow [17,96]. The boundary suggested by GENELAND coin-
cides with the convergence of the Ebro Depression and the Iberian System mountain range, 
which separates the Ebro basin from the watersheds of the major rivers in central Iberia. 
Hence, even the major rivers in the Iberian Peninsula may only represent moderate barriers 
to gene flow for the stone marten, but they certainly contribute to shape its genetic structure.

Other than the two consensus clusters in NE Spain and south Portugal, the methods dis-
agreed on the grouping of the individuals elsewhere in between (Fig. 3). This could be the 
result of IBD, as Bayesian clustering methods are known to be sensitive to IBD and may 
infer spurious clusters when applied over a large area in which IBD is present [1,97] (see 
next section).

Of the clusters suggested by the Bayesian methods, the DAPC could only identify the 
cluster in south Portugal, apparently because it was relatively highly differentiated. This idea 
is supported by the fact that the clusters from DAPC had higher pairwise Fst values than 
those observed between the clusters revealed by the Bayesian methods (S4 Table). However, 
except the cluster in south Portugal, all the other four clusters inferred by DAPC did not 
have geographic identity.

Inferring genetic structure using clustering methods in the presence of IBD

In continuously distributed species, mating with proximal individuals leads to patterns 
of close relatedness at finer scales and extensive genetic gradients at larger scales [11]. Ac-
cordingly, Mantel tests of IBD were significant for the whole study area (r = 0.296, P <0.001; 
Fig. 4a) and within each of the three clusters identified by GENELAND (S5 Table). The large 
genetic neighbourhood inferred by the spatial autocorrelation analysis (452 km) further un-
derlined the extent and strength of the spatial structure. Therefore, we conclude that the 
difficulties and inconsistencies shown by the clustering methods in determining the genetic 
structure of the Iberian stone marten were due to the presence of strong and pervasive IBD.

This phenomenon has been described in several empirical (e.g. [1,11]) and simulation 
studies [17,96,98]. The clustering algorithms are known to vary in their ability to accurately 
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delimit genetic units in the presence of IBD and clines (e.g. [1,13,23], either underestimating 
[25] or overestimating the true number of populations [1,11]. Besides the widespread IBD 
in the Iberian stone marten, other characteristics of this study likely increased the challenge. 
First, the large size of the study area entailed the presence of population processes at dif-
ferent hierarchical levels, which may confound clustering methods [3]. Second, the study 
design has been shown to influence the performance of spatially-explicit IBC algorithms 
[11,99,100]. In this study however, even if the sampling was opportunistic, the resulting 
sampling scheme approximated reasonably well the heterogeneous distribution of the stone 
marten in Spain [41] (UTM10x10 grids; Fig. 1). Although widespread and locally abundant, 
the species is irregularly distributed through the Iberian Peninsula and rare in some areas 
with apparently suitable habitat [41,101],  (Fig. 1). 
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The phylogeography of the stone marten in the Iberian Peninsula is compatible with a sin-
gle recent colonization of the region, possibly in the early Holocene, followed by population 
expansion sometime later. In turn, its contemporary genetic structure is characterized by a 
significant pattern of IBD and an apparent differentiation of the populations at the extreme 
of an NE-SW axis. To our knowledge, this is the first phylogeographic and population genet-
ic study of the stone marten at broad regional scale. This case study also shows the usefulness 
of comparing and integrating multiple different techniques in the analysis of spatial genetic 
structure of mobile and continuously distributed species. Comprehensive analyses and tests 
of isolation by distance and clinal variation are an essential complement to clustering meth-
ods aiming to identify distinct genetic units, in particular due to the difficulties of the latter 
approaches in dealing with populations under IBD. 

The genetic breaks detected in the Iberian stone marten population seemed largely related 
to the major river basins in the peninsula. However, linear barriers are only one of the multi-
ple ways of how landscapes can influence gene flow [17]. Therefore, future studies are need-
ed that focus on the importance of landscape features and variables in determining genetic 
structure (e.g. [102,103]). These should incorporate explicit tests on the presence of isolation 
by barriers and isolation by landscape resistance (e.g. land cover, elevation and tempera-
ture), especially in the areas where genetic discontinuities were inferred in this study.
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Supporting Information

The table is too big to print in less than 15 pages. Thus, before the papers are published the 
table will be available online (dropbox folder) in the following link:

https://www.dropbox.com/sh/y4lw39hvnfrepow/AAD72y908pLs-3Zp2G4YUrCGa?dl=0

Table S1. Information on the 352 stone marten specimens analysed in this study. Given are, for each individual, 
the sample codes, localities, coordinates, sample donor, mtDNA haplotype, and genotypes for the 23 microsate-
llite loci.

Multiplex Locus Repeat DYE Size range Na Ho He

Multiplex A

Mlut27 dinucleotide PET 178-202 8 0.341 0.375

Mel1 dinucleotide PET 264-276 6 0.468 0.577

Mf1.1 tetranucleotide VIC 152-168 5 0.399 0.446

Mf4.17 tetranucleotide 6-FAM 194-242 13 0.773 0.854

Mf8.10 tetranucleotide NED 128-152 7 0.648 0.738

Multiplex B

Lut453 dinucleotide 6-FAM 104-110 4 0.398 0.415

Ma1 dinucleotide PET 205-215 6 0.644 0.689

Mf1.18 tetranucleotide PET 153-165 4 0.374 0.391

Mf3.7 tetranucleotide VIC 181-201 6 0.398 0.456

Mf8.8 tetranucleotide 6-FAM 223-255 9 0.681 0.799

Mp0059 dinucleotide VIC 142-152 6 0.497 0.557

Multiplex C

Lut615 dinucleotide 6-FAM 115-127 6 0.301 0.47

Ma2 dinucleotide PET 174-186 6 0.437 0.491

Mf1.11 tetranucleotide NED 205-217 4 0.345 0.391

Mf2.13 tetranucleotide 6-FAM 285-297 4 0.388 0.588

Mf3.2 tetranucleotide PET 146-170 7 0.648 0.677

Mf6.5 tetranucleotide VIC 215-247 9 0.642 0.695

Mvi072 dinucleotide NED 262-276 8 0.351 0.436

Multiplex D

Lut435 dinucleotide NED 128-144 6 0.344 0.416

Mf1.3 tetranucleotide NED 196-220 7 0.591 0.645

Mf4.10 tetranucleotide VIC 311-339 8 0.649 0.769

Mf8.7 tetranucleotide PET 151-171 6 0.559 0.632

Mvi-57 dinucleotide 6-FAM 101-109 5 0.469 0.543

Mean 6.52 0.493 0.567

S2 Table. Properties of the 23 multiplexed microsatellite loci used in this study,  including repeat type, dye type, 
allele size range, number of alleles (Na) and observed (Ho) and expected (He) heterozygosities for each locus.

https://www.dropbox.com/sh/clt5k115k4v28wc/AADwy7LslVO8r4YRLtBgpkJTa?dl=0
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S3 Table. mtDNA summary statistics for the NW, NE, SW and SE regions of Iberia. Num-
ber of individuals (n) and haplotypes (Nh), private haplotypes (Ph), nucleotide diversity 
(π), haplotype diversity (H), and haplotypic richness (Hr) calculated using the rarefaction 
method to correct for unequal sample sizes (n=21-108; rarefaction to 15).

Region n Nh Ph π H Hr

NW 54 5 1 0.00080 0.4934 2.374

NE 108 9 4 0.00131 0.7542 3.990

SW 69 5 0 0.00099 0.5550 1.997

SE 21 5 1 0.00166 0.7480 3.628

S4 Table. Pairwise Fst values between the inferred clusters by each of the clustering methods. 
All values were significantly different from zero at p<0.001. 

     
DAPC DAPC_red DAPC_purple DAPC_orange DAPC_yellow 

DAPC_green (n:62) 0.0887 0.0711 0.0624 0.1372 

DAPC_red (n:78) - 0.0541 0.0611 0.0897 

DAPC_purple (n:72) - - 0.0604 0.078 

DAPC_orange (n:53) - - - 0.1191 

DAPC_yellow (n:68) - - - - 

     
STRUCTURE  STR_red STR_purple STR_yellow  

STR_green (n:106) 0.0355 0.0625 0.1129  
STR_red (n:104) - 0.0348 0.1043  

STR_purple (n:68) - - 0.0621  
STR_yellow (n:55) - - -  

     
BAPS  BAPS_red BAPS_purple BAPS_yellow  

BAPS_green (n:121) 0.0555 0.041 0.1045  
BAPS_red (n:58) - 0.0437 0.0846  

BAPS_purple (n:96) - - 0.0957  
BAPS_yellow (n:58) - - -  

     
TESS  TESS_red TESS_purple TESS_yellow  

TESS_green (n:111) 0.0408 0.0657 0.0977  
TESS_red (n:127) - 0.0545 0.0783  

TESS_purple (n:35) - - 0.061  
TESS_yellow (n:60) - - -  

     
GENELAND  GL_red GL_yellow   

GL_green (n:150) 0.033 0.1024   
GL_red (n:126) - 0.0753   

GL_yellow (n:57) -  -   
 

 

182 
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S5 Table. Genetic diversity indices for the three clusters identified by GENELAND. Number of individuals (n), 
mean number of alleles (A), private alleles (Pa) observed (Ho) and expected (He) heterozygosities, overall Fis, 
Hardy-Weinberg equilibrium p-value, and Mantel’s correlation (r) of IBD tests, p<0.001).

S6 Table. Matrix of pairwise values of Jost’s DEST (above diagonal) and Hedrick´s unbiased 
G’’ST (below diagonal) between the clusters inferred by GENELAND. All values were signifi-
cantly different from zero at p<0.001 (9999 permutations).

Cluster n A Pa Ho He Fis HWE Mantel’s r

GL_red 126 5.56 14 0.49 0.57 0.152 <0.001 0.227

GL_green 150 5.78 19 0.53 0.6 0.129 <0.001 0.145

GL_yellow 57 3.82 0 0.47 0.52 0.117 <0.001 0.272

total 333 6.6 33 0.49 0.6 0.167 <0.001  0.295

G’’ST \DEST GL_green GL_red GL_yellow

GL_green (n:150)  - 0.049 0.100 

GL_red (n:126) 0.080  - 0.154

GL_yellow (n:57) 0.169 0.244  -
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Abstract

In this study, we examined the phylogeography and genetic structure of M. foina through 
mitochondrial (620 pb) and microsatellite (23 autosomal markers) analyses, based on a 
large and geographically comprehensive sampling across Europe (n=751). The results re-
vealed high levels of haplotype diversity and a major phylogeographic east-west split within 
the Western Palearctic, consistently found in the mtDNA analyses, which was dated to the 
Middle Pleistocene (0.55 Mya). The western clade comprised mostly individuals sampled in 
Western Europe, from the Iberian Peninsula to Denmark, while three geographic lineages 
were identified in the eastern clade; the ‘Balkan’, the ‘Italian-North European’ and the ‘Cen-
tral-North European’. The genetic and geographic differentiation observed between these 
lineages is congruent with a range fragmentation, isolation, and posterior divergence within 
different refugia during Late Quaternary glaciations. The basal position of the Balkanic sam-
ples among the extant mtDNA diversity, in conjunction with the Middle Pleistocene age in-
ferred for the European stone martens, supports an early entrance into the Balkans from the 
Middle East, and subsequent expansion westwards reaching Western Europe. Four refugia 
were postulated; three traditional Mediterranean refuges located in the Iberian, Italian and 
Balkan peninsulas and additional cryptic northern refugia in the Pannonian Basin. During 
the recurring interglacial periods of the Quaternary, the secondary contacts of haplotypes 
from distinct origins would have been facilitated by the high dispersal ability of the stone 
marten or human mediated introductions/translocations. The use of both mtDNA and mi-
crosatellites markers, together with new fossil evidences, helped to elucidate the complex 
phylogeography and history of population structure of M. foina in Europe. Besides, the early 
divergence estimate categorically contradicts the prevailing hypothesis based on previous 
fossil evidences, according to which the stone marten first entrance and posterior dispersal 
followed the Neolithic farming cultures from the Near East to Southwestern Europe during 
the Holocene.

Keywords: Martes foina; stone marten; European phylogeography; Quaternary; molecular 
versus fossil data; large-scale genetic structure; mitochondrial DNA; microsatellites.
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Introduction

Phylogeography is a branch of biogeography concerned with the study of the geographic 
distributions of genealogical lineages within and among closely related species, and a major 
focus is on understanding how intraspecific genealogies have been shaped by geography, 
history and demography (Avise et al 1987; Avise 2000). In the last two decades, phyloge-
ography has experienced explosive growth fuelled by developments in molecular markers, 
theoretical concepts and analytical methods, and provided valuable contributions to several 
areas of biological research, including speciation, taxonomy, conservation genetics, and the 
inference of general historical processes underlying the origin and distribution of genetic 
diversity across species (Taberlet et al 1998; Beheregaray 2008).

In Europe, it is generally accepted that phylogeographic patterns and structure in terres-
trial animals and plants have been heavily influenced by the recurrent cycles of range con-
traction/expansion driven by environmental change associated with the Quaternary climat-
ic oscillations (Hewitt 1996; Hewitt 2000; Hewitt 2004). Temperate species are thought to 
have survived glacial periods in southern refugia, namely Iberia, Italy and the Balkans, and 
recolonized central and northern Europe following ice retreat during interglacials (Hewitt 
1996; Taberlet et al 1998; Hewitt 1999). Such recolonizations often resulted in suture zones, 
zones of secondary contact between lineages from different refugia, along the Alps and Pyr-
enees, along different meridians in western and central Europe, in the Alpine-Carparthian 
belt, and in Scandinavia (Jaarola and Tegelström 1995; Taberlet et al 1998; Hewitt 2000; 
Hewitt 2004). In addition to the main refugia in the southern peninsulas, areas located fur-
ther north have been postulated as favourable cryptic refugia during the last glacial period 
(Stewart and Lister 2001; Provan and Bennett 2008), particularly for cold-tolerant species 
(Bhagwat and Willis 2008), and the importance of these northern refugia has been sup-
ported by accumulating phylogeographic data (Valdiosera et al 2007; McDevitt et al 2012; 
Schmitt and Varga 2012; Ruiz-González et al 2013).

Among mammals, carnivores have been recently the subjects of several pan-European 
phylogeographic surveys that provided unique insights into the evolutionary history of the 
studied species and contributed to our understanding of the historical processes that shaped 
the distribution and genetic patterns of the biota in Europe. These studies found genetic sig-
nals of population isolation in multiple refugia during the Pleistocene (Edwards et al 2012; 
McDevitt et al 2012; Ruiz-González et al 2013), but also instances where mitochondrial hap-
lotypes were shared between distant regions (Mucci et al 2010; Pilot et al 2010; Frantz et al 
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2014). Limited phylogeographic structure in carnivores has been attributed to their high dis-
persal capabilities that allow relatively rapid gene flow across large distances during postgla-
cial recolonization, erasing the signs of Pleistocene separations (Vilà et al 1999). Recurrent 
population connectivity in the interstadials of the last glaciation may have also contributed 
to the weak phylogeographic differentiation found in some species (Hofreiter et al 2004).

The stone or beech marten (Martes foina Erxleben, 1777) is a medium-sized mustelid car-
nivore with a wide Palearctic distribution, from the Iberian Peninsula, through central and 
southern Europe, the Middle East, central Asia, extending as far east as Mongolia, eastern 
China and northern Myanmar (Tikhonov et al 2008). In the Eastern Mediterranean, the spe-
cies also found its way to Crete, Rhodes, and many of the Aegean and Ionian islands (Masseti 
1995). The stone marten is generally common in Europe but population status and trends in 
other parts of its range, where hunting law enforcement is weaker and census estimates of 
the species are lacking, are in need of research (Tikhonov et al 2008). The habitat preferenc-
es of M. foina vary in different parts of its range, and the species can be found in mountain 
forests, rocky hillsides, mixed forests, woodlands and mosaic habitats (Delibes 1983; Sacchi 
and Meriggi 1995; Al Shafee et al 1997; Santos and Santos-Reis 2010). Stone martens can 
use more open habitats than other martens and its more generalist and flexible habits may 
allow avoidance of competition with the pine marten (Martes martes Linnaeus, 1758), as the 
two species are sympatric over most of their ranges (Delibes 1983). In fact, M. foina is often 
synanthropic where it coexists with M. martes (e.g. Herr et al 2009).

The subfossil record of M. foina from the Late Glacial and Holocene in Europe is rela-
tively poor (Sommer and Benecke 2004). The oldest Holocene finds are from 9,000-7,500 
years BP in central Europe, France and Italy, with further records in Poland, the Alps, Spain 
and Greece from the second half of the Hypsithermal, 7,500-5,000 years BP (Sommer and 
Benecke 2004; Llorente et al 2011). A record from the Upper Palaeolithic site at Duritor in 
Moldova (Dallas et al 1999) has been postulated by Sommer & Benecke (2004) to be due to 
a possible mixing of layers, and these authors concur with Anderson (1970) who first sug-
gested that the stone marten only became a member of the European fauna following the 
expansion of the Neolithic cultures of the Near East to southern Europe.

More recently, however, M. foina has been confirmed as present in a layer from the Palae-
olithic cave site of Veternica, Croatia, assigned to the end of the Pleniglacial (Miracle et al 
2010). This raises the importance of determining the age of other M. foina remains ascribed 
to the Late Pleistocene, like the one from Duritor and those from the Caverna degli Orsi in 
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the Trieste Karst (NE Italy; Berto and Rubinato 2011) and the Equi Cave in the Apuan Alps 
(NW Tuscany, Italy; Ghezzo et al 2014), and to the Middle Pleistocene, such as those from 
Es-Taliens in the French Pyrenees (Bonifay 1973) and from the Apidima Caves in the Greek 
Peloponnese (Tsoukala 1999), but affected by stratigraphic uncertainties. What is needed is 
direct radiocarbon dating of these putative Pleistocene fossils (Sommer and Benecke 2004) 
and their reanalysis, possibly including genetic comparisons with modern stone martens 
(Consuegra et al 2002), to ascertain whether they belong to M. foina (e.g. Berto and Rubina-
to 2011).

Sommer & Benecke (2004) also noted that stone martens might have been absent or rare 
across much of the North European Plain until the Middle Ages, when more intense occupa-
tion and use of the landscape by humans could have facilitated M. foina colonization. Finally, 
the same authors suggest that the stone marten was introduced into Crete during the Mino-
an-Mycenaean period in the Late Bronze Age, although some limited evidence supports an 
earlier introduction (Masseti 1995).

Given the sparse fossil record, the biogeographic and evolutionary history of M. foina in 
Europe is therefore largely unknown. A morphometric analysis of cranial variation found an 
east-west gradient of decreasing skull size, which was seen as consistent with the hypothesis 
of European colonization from the Middle East (Reig 1992). Another notable finding of the 
same study was that samples from Iberia grouped with those from France and northern Italy, 
while samples from the Alps grouped with those from northern Central Europe. Previous 
genetic studies focusing on the phylogeography or population structure of M. foina are few 
and at the national or regional level (Bulgaria, Nagai et al 2012); Portugal, Basto et al, in re-
view; Iberia, Vergara et al, in review).

In this study, we examined the phylogeography and genetic structure of M. foina in Eu-
rope based on mitochondrial and microsatellite DNA analyses of a comprehensive sam-
pling across the continent. The specific aims were to: (i) identify the main phylogeographic 
patterns, and thus shed light on the biogeographic history of the stone marten in Europe; 
(ii) estimate the timing of the arrival and subsequent lineage diversification of M. foina in 
Europe, to assess the prevailing current view that the species entered Europe only with the 
Neolithic expansion from the Near East; (iii) provide the first overall picture of the current 
population structure of stone martens in Europe.
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Sampling and DNA extraction

We collected tissue and hair samples of 751 stone martens from 29 countries in the West-
ern Palearctic and from Iran, and obtained detailed geographic coverage of the European 
range. Sample location and information are given in Fig. 1 and Table 1; all maps in this paper 
were generated using QGIS 2.8.1 (QGIS Development Team 2015). Samples originated from 
road-kills, museum specimens, individuals in wildlife rescue centres, and live-trapped ani-
mals (see Table S1 for additional sample details). The Iberian samples have been used in our 
previous studies on the phylogeography and genetic structure of M. foina within the Iberian 
Peninsula (Basto et al. in review; Vergara et al. in review).

Tissue samples were preserved in ethanol or in a salt-saturated solution of 20% DMSO 
in water (Seutin et al 1990) and stored at -20ºC; hair samples were kept dry until DNA ex-
traction. We extracted genomic DNA using the DNeasy Blood & Tissue Kit (Qiagen) follow-
ing the manufacturer’s protocols.

Mitochondrial DNA sequencing and microsatellite genotyping

We amplified and sequenced a fragment of 621 bp of mitochondrial DNA (mtDNA) en-
compassing a portion of the Cyt b gene, the threonine and proline tRNAs and the left do-
main of the control region using the primers L15533 (Fernandes et al 2008) and H16437 
(5’- GGAGCGAGAAGAGGTACA-3’). Polymerase chain reactions (PCRs) were carried out 
in a total volume of 15 µl containing 1.25 U of Supreme NZYTaq DNA polymerase (NZY-
Tech), 1X PCR buffer, 2 mM MgCl2, 0.2 mM of each dNTP (Bioline), 1 µM of each primer, 
0.17 µg/µL BSA (New England Biolabs) and 3 µL of DNA extract (20-100 ng). The thermal 
cycling was as follows: initial denaturation at 94 ºC for 5 min, followed by 55 cycles of 94 ºC 
for 30 s, 60 ºC for 30 s, and 72 ºC for 1 min, and a final extension at 72 ºC for 7 min. PCR 
products were analysed by electrophoresis in 2% agarose gels; positive results were purified 
using ExoSAP (Hanke and Wink 1994) and sequenced at Macrogen Inc. Sequences were 
assembled, aligned, and edited using Sequencher 4.7 (Gene Codes Corporation).

Samples were genotyped with a multiplex panel of 23 autosomal microsatellite markers 
designed by Vergara et al (in review), comprising the 13 available species-specific loci (Basto 
et al 2010) plus 10 selected from panels developed in other mustelid species. PCR conditions 
were as described in the same paper. Briefly, multiplex amplifications were carried out using 

Material and methods
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Table 1. Number of stone marten (Martes foina) samples collected per country and used for mtDNA 

sequencing and microsatellite genotyping 

Country  Samples (n) mtDNA (n) Microsatellites (n) 

Albania 1 1 1 
Austria 26 17 26 

Belgium 3 3 3 
Bulgaria 6 6 6 
Croatia 21 21 19 

Czech Republic 3 3 3 
Denmark 26 26 26 
Estonia 2 2 2 
France 25 24 25 

Germany 29 28 25 
Greece 58 54 30 

Hungary 22 19 22 
Iran 2 1 1 

Israel 7 7 7 
Italy 31 31 25 

Lithuania 4 4 4 
Luxembourg 26 25 22 
Macedonia 2 2 2 
Nederland 21 20 21 

Poland 26 25 26 
Portugal 93 86 85 
Romania 5 4 5 

Servia 25 22 24 
Slovakia 7 7 7 
Slovenia 4 4 4 

Spain 257 170 248 
Switzerland 13 12 12 

Syrien 1 0 1 
Turkey 1 1 1 
Ukraine 4 4 3 
TOTAL 751 629 686 

 

Table 2. Measures of mitochondrial DNA and microsatellite diversity by country in western Eurasian 

stone martens. n, number of samples; nH, number of haplotypes; HR, haplotype richness; h, haplotype 

diversity; π, nucleotide diversity; NA, mean number of alleles; AR, average allelic richness; HE, 

mean expected heterozygosity; HO, mean observed heterozygosity. The asterisk signals the exception 

for Greece, where samples from the mainland and from Crete were analyzed separately. Dashes 

indicate parameters that were not estimated when the sample size was lower than six individuals. 

Table 1. Number of stone marten (Martes foina) samples collected per country and used 
for mtDNA sequencing and microsatellite genotyping
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the Qiagen Multiplex PCR Kit in a total volume of 9 µl containing 1 µl of DNA and 2 pmol of 
each primer. Thermal cycling consisted of a hot start protocol as follows: initial polymerase 
activation at 95 ºC for 15 min, followed by 42 cycles at 94 ºC for 30 s, 57 ºC for 130 s, and 
72 ºC for 1 min, and a final extension at 60 ºC for 30 min. PCR products were run on an 
ABI 3130xl Genetic Analyzer (Applied Biosystems) with the internal size standard GeneS-
can-500 LIZ (Applied Biosystems), and fragment analysis was performed using GeneMap-
per 4.0 (Applied Biosystems). To check for genotyping errors, we amplified 30 samples (20 of 
hair and 10 of tissue) in four replicates and estimated allelic dropout (ADO) and false allele 
(FA) rates using GIMLET 1.3.3 (Valière 2002). Since no errors were detected, the remaining 
samples were genotyped only once per locus.

Mitochondrial DNA analysis

Genealogical relationships among haplotypes

The sequence alignment was analysed with FaBox 1.41 (Villesen 2007) to collapse iden-
tical sequences into haplotypes. Phylogenetic analyses were performed using Bayesian in-
ference (BI) in MrBayes 3.2.4 (Ronquist et al 2012), maximum likelihood (ML) in RAxML 
7.2.8 (Stamatakis 2006), minimum evolution (ME) in FastME 2.1.3 (Desper and Gascuel 
2002), and maximum parsimony (MP) in MEGA 6.0 (Tamura et al 2013). A GenBank se-
quence of stone marten from China (HM106325) was added to the data set. As outgroups, 
we used sequences of pine marten, sable Martes zibellina (Linnaeus 1758), American marten 
Martes americana (Turton 1806), Japanese marten Martes melampus (Wagner 1840) and 
yellow-throated marten Martes flavigula (Boddaert 1785) from GenBank (accession num-
bers respectively: KC660129, HM106323, HM106324, AB291076 and HM106326). The out-
groups were chosen based on previously published phylogenetic hypotheses for the genus 
Martes (e.g. Koepfli et al 2008; Li et al 2014). Since the addition of outgroups introduced a 
few small indels in the control region segment of the alignment, we used M-COFFEE (Wal-
lace et al 2006), a meta-aligner that combines the solutions of alternative alignment meth-
ods, to estimate a consensus alignment. We combined the three top-performing methods 
(PROBCONS, T-COFFEE and MAFFT) in a recent benchmark study of sequence alignment 
algorithms (Thompson et al 2011), with MAFFT being previously shown to be highly accu-
rate when dealing with indel-rich sequences (Golubchik et al 2007). Substitution saturation 
was checked using the index of (Xia et al 2002) in DAMBE 5.3.74 (Xia 2013). Analyses 
in MrBayes were conducted with two parallel runs, each with four Markov chains (one 
cold and three heated) and 20 million generations. The first five million generations were 
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discarded as burn-in and, thereafter, chains were sampled every 500 generations. The en-
tire general time-reversible (GTR) substitution model space was sampled within the analy-
ses (Huelsenbeck et al 2004). Convergence of the two runs was assumed when the average 
standard deviation of the split frequencies was less than 0.01. Support for tree nodes was 
determined based on the values of Bayesian posterior probability (BPP) obtained from a 
majority-rule consensus tree (Holder et al 2008). In RAxML we used a GTR+Γ model of 
sequence evolution, in FastME the initial tree was constructed with the BIONJ version of 
the neighbour-joining algorithm (Gascuel 1997) and the subsequent tree search was carried 
out by subtree-prunning-and-regrafting (SPR), and in MEGA the MP trees were obtained 
using the tree-bisection-regrafting (TBR) algorithm (Nei and Kumar 2000) on initial trees 
obtained with 10 replicates of random addition of sequences. The support for each node in 
the ML, ME, and MP trees was evaluated by 1000 bootstrap replicates. Majority-rule con-
sensus trees were visualized and edited with TreeGraph 2.4.0 (Stöver and Müller 2010). 

Genealogical relationships among haplotypes were also estimated using a median-joining 
network (Bandelt et al 1999) as implemented in PopART 1.7 (http://popart.otago.ac.nz). We 
also attempted to root the network, using the sister group of M. foina as outgroup (M. martes 
+ M. zibellina + M. americana + M. melampus, which together with M. foina comprise the 
subgenus Martes), to infer ancestral haplotypes and polarity in the network.

mtDNA variation and geographical structure

The geographic structure of mtDNA variation in European stone martens was analysed 
with BAPS 6.0 (Corander et al 2008). The genetic mixture analysis was performed using the 
‘clustering with linked loci’ model  (Corander and Tang 2007), and either the option ‘clus-
tering of individuals’ or the option ‘clustering of groups of individuals’ in which individuals 
were grouped a priori by country, or the ‘spatial clustering of individuals’ model (Cheng et 
al 2013).

We used Arlequin 3.5.1.3 (Excoffier and Lischer 2010) and DnaSP 5.10.1 (Librado and 
Rozas 2009) to compute the number of haplotypes (nH), haplotype diversity (h), nucleotide 
diversity (π) and the mean number of pairwise differences (k) (Tajima 1983; Nei 1987) for 
each of the countries with sample sizes equal or greater than four individuals, and for iden-
tified clades and geographical groups of stone martens. Haplotype richness (HR) was calcu-
lated by rarefaction in CONTRIB 1.02 (Petit et al 1998) (Petit et al. 1998). Genetic diversity 
estimates per country are obviously influenced by sample size and distribution of sampling 

http://popart.otago.ac.nz
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locations within each country, but they may still be useful in suggesting areas of glacial 
refugia, of secondary contact between differentiated lineages, or of impoverished genetic 
variability.

We also used Arlequin to assess the genetic differentiation between defined popula-
tions, as measured by the net average distance (Da, Nei 1987) and pairwise ΦST  (Excoffier et 
al 1992) under the Tamura-Nei model (Tamura and Nei 1993) with a Γ shape parameter α 
of 0.05 estimated using MEGA. The statistical significance of Da and ΦST values was tested 
using 20,000 permutations. 

Demographic history

Demographic events can leave characteristic signatures in the distribution of pairwise 
nucleotide differences between individuals, or mismatch distribution (Slatkin and Hudson 
1991; Rogers and Harpending 1992). Multimodal or “ragged” mismatch distributions are 
assumed to characterize old populations of constant size, whereas unimodal distributions 
are expected in populations that underwent a recent expansion. We tested the fit of the ob-
served mismatch distributions with each of the two models of population expansion imple-
mented in Arlequin: a model of pure demographic expansion in an undivided population 
(Schneider and Excoffier 1999) and a model of range expansion in a subdivided population 
(Ray et al 2003; Excoffier 2004). Tests based on the mismatch distribution use little informa-
tion available in the data (Felsenstein 1992) and can be very conservative (Ramos-Onsins 
and Rozas 2002). Therefore, we also employed two test statistics, FS (Fu 1997) and R2 (Ra-
mos-Onsins and Rozas 2002), which have been shown to be powerful for detecting popu-
lation growth (Fu 1997; Ramos-Onsins & Rozas 2002). We used DnaSP to calculate R2 and 
Arlequin to calculate FS and Tajima’s D (Tajima 1989); the statistical significance of the 
estimates was assessed using 20,000 random samples under the hypothesis of selective neu-
trality and population equilibrium.

Age and timing of diversification of mtDNA lineages

We estimated coalescence times of the main identified clades and geographical groups 
of haplotypes using Bayesian inference as implemented in BEAST 1.8.2 (Drummond et al 
2012). We conducted BEAST analyses on an alignment containing only stone marten se-
quences, assuming a constant-size coalescent tree prior and applying a strict clock with a 
substitution rate of 1.675% nucleotide substitutions per million years. This rate was esti-
mated using equation D = 2μT (Nei 1987), where D is genetic distance, μ is substitution 
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rate and T is time since divergence. Specifically, we used the average genetic distance be-
tween M. foina and M. zibellina and the estimates of about 2.8 million years for the time to 
their most recent common ancestor (TMRCA) obtained by Koepfli et al (2008) and Li et al 
(2014). The average genetic distance between the stone marten haplotypes in this study and 
the sable GenBank haplotypes reported by Malyarchuk et al (2014) was estimated using the 
maximum composite likelihood model (Tamura et al 2004) in MEGA, and equalled 0.0938 
nucleotide substitutions per site. In BEAST we specified the HKY+I model, which best fitted 
the stone marten data according to jModelTest, and the respective parameter estimates for 
I and κ were set as initial prior values.

Four independent replicate runs were performed and their convergence and effective 
sample sizes (ESS), as well as the parameter estimates, were monitored in Tracer 1.6 (Ram-
baut et al 2014). In all runs, the ESS were greater than 500 for all parameters. Results from 
replicate runs were convergent and log and tree files were combined using LogCombiner. 
TreeAnnotator was used to annotate the maximum clade credibility tree, which was dis-
played by FigTree. 

Microsatellite analysis

Genetic diversity and structure

The data was first checked using GenAlEx 6.501 (Peakall and Smouse 2012) to iden-
tify matching multilocus genotypes likely to represent replicate samples; one of each pair 
of matching samples collected within the same country was removed prior to subsequent 
analyses. Microsatellite genetic diversity was characterized by the mean number of alleles 
(NA), observed heterozygosity (HO) and unbiased expected heterozygosity (HE) across loci 
for each of the countries with sample sizes equal or greater than six individuals, and for the 
genetic clusters inferred by the Bayesian clustering algorithms (see below). Mean allelic rich-
ness across loci (AR) was calculated in HP-Rare 1.0 (Kalinowski 2005) using a rarefaction 
procedure to account for unequal sample size between populations (Kalinowski 2004). 

We used the microsatellite data to investigate the large-scale genetic structure of Europe-
an stone martens using spatially explicit models in BAPS and Geneland 4.0.5  (Guillot et al 
2005) and a non-spatial model in Structure 2.3.4 (Pritchard et al 2000). In BAPS we con-
ducted an individual level mixture analysis (Corander et al 2008) and the most likely num-
ber of clusters (K) was determined by evaluating the 10 best partitions found across runs 
with different values of tested K (10 replicates for each K) in terms of marginal likelihood. 
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In Geneland we used the spatial Dirichlet model, assumed uncorrelated allele frequencies 
as recommended by Guillot et al (2005), allowed for uncertainty in the positioning of indi-
viduals, defined an uniform prior on K between 1 and 20, and performed 10 independent 
runs each with 500,000 iterations and a thinning of 1,000 after a burn-in of 1,000 iterations. 
The choice of K was based on the histograms obtained in each run and the highest mean 
values of posterior density for each K. In Structure we implemented the admixture model 
with correlated allele frequencies (Falush et al 2003) and carried out 10 replicate runs for 
K = 1-20, each with one million iterations after a burn-in of 100,000. We used Structure 
Harvester 0.6.94 (Earl and vonHoldt 2012) to summarise Structure output and calculate 
for each K the posterior probability of the data (Ln P(D)) and a measure of the second-order 
rate of change of the likelihood function (ΔK, Evanno et al 2005). See Table S2 for a summa-
ry of the models and setting used in the Bayesian clustering analyses.
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Mitochondrial DNA

Haplotypes and their relationships

We identified 50 haplotypes (H1-H50) among the 629 stone martens sequenced. The Gen-
Bank sequence from China (HM106325) corresponded to an additional haplotype (H51). 
The 621-bp alignment of 630 sequences contained 56 (9%) polymorphic sites, of which 24 
(4%) were parsimony informative and two were 1-bp indels; the number of observed sub-
stitutions was 55 (50 transitions and 5 transversions). The haplotype diversity was 0.882 ± 
0.005, the nucleotide diversity was 0.0094 ± 0.0050, and the mean number of pairwise dif-
ferences was 5.836 ± 2.793. 

No substitution saturation was evident in the alignment with the five added outgroups for 
phylogenetic analyses, as the index of substitution saturation (Iss, Xia et al. 2003) was signifi-
cantly lower than the critical value (P = 0.0001).

The Bayesian and maximum likelihood inferences of the phylogenetic relationships of the 
mtDNA haplotypes are given in Fig. 2; the maximum parsimony and minimum evolution 
trees were essentially identical to the Bayesian tree and are shown in Fig. S1. Within M. 
foina, two main clades were consistently recovered (Clades I and II) while the remaining 
haplotypes were ungrouped or clustered into clades of two haplotypes each. The only major 
difference between the ML tree and the other trees concerned the placement of haplotype 
H51, from a specimen from China, which falls in the same clade with other M. foina haplo-
types in the former tree, whereas it is basal to a clade of western Eurasian stone martens in 
all the other trees. 

Clade I included haplotypes mainly found in Western Europe, particularly in the Iberian 
Peninsula, France, Switzerland, the Low Countries, Germany and Denmark. Haplotypes of 
this clade were also present in Italy, in the Alpine-Carparthian belt (Slovenia-Hungary-Ro-
mania), and in Israel. Clade II was composed of haplotypes distributed in the North Europe-
an Plain and the Baltics, from Luxembourg and Denmark up to Estonia, and in East-Central 
Europe across the Alpine-Carpathian range, from Austria and Czech Republic to Croatia, 
Serbia and Romania. 

Results
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Figure 2. Majority-rule consensus trees of the Bayesian (left) and maximum likelihood (right) analy-
ses of mtDNA haplotypes. Numbers above branches are, respectively, Bayesian posterior probabilities 
and bootstrap values. Haplotype codes are as in Table S.1. Clades were named (I and II) for discussion 
purposes.
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The haplotype genealogy estimated using the median-joining algorithm was consistent 
with the phylogenetic trees, while displaying more information on the relationships between 
haplotypes and between clades (Fig. 3). For instance, among the haplotypes that did not fall 
into a major cluster in the phylogenetic trees, most were private to the Balkans and Crete, 
but it was possible to identify a set of haplotypes (H13, H17, H18, and H23) that were rare 
or absent in southeastern Europe, being instead found from Lithuania across the North Eu-
ropean Plain to France and Switzerland and in Italy. Hereafter, for convenience, this group 
of haplotypes is called ‘Italian-North European’. A common haplotype in the Balkans and 
Crete (H5), occupying a central position among the haplotypes found in those areas, was 
also detected in the Alpine-Carparthian belt, in the Netherlands, in Italy, and in Spain near 
the eastern Pyrenees. H16, which appeared to be ancestral in Clade II, was common in 
central and north Europe (Fig. 3). Star-shaped patterns, with one or two common central 
haplotypes surrounded by several rarer haplotypes differing by one to a few mutations from 
the central haplotypes, were observed in Clade I and around H5. Such star-like radiations 
of haplotypes are consistent with past demographic expansions (Slatkin and Hudson 1991; 
Merila et al 1997). The network rooted with the sister group of M. foina (Fig. S2) suggest that 
the oldest stone marten lineages in the data set are the one from China and, within Europe, 
those that occur predominantly in southeastern Europe. Accordingly, the Iranian haplotype 
(H50) was closely related to haplotypes found in the Balkans. Outgroup rooting is more reli-
able when ingroup and outgroup are reciprocally monophyletic sister groups and when they 
are separated by a relatively short branch (Posada and Crandall 2001; Cassens et al 2003), 
which is the case here.

mtDNA variation and geographical structure

The results of the BAPS analyses of the mtDNA data differed according to the model em-
ployed, but there were clear common patterns. The ‘spatial clustering of individuals’ model 
identified three clusters in western Eurasian stone martens (Fig. 4a) that corresponded, re-
spectively, to Clade I, Clade II and the set of haplotypes that did not fall into a major clade 
in the phylogenetic trees. The two latter clusters were also identified using the non-spatial 
model ‘clustering with linked loci’ with the option ‘clustering of individuals’ but, under this 
model, BAPS detected differentiation among individuals within Clade I haplotypes: between 
those with haplotypes mostly restricted to the south of Western Europe (Iberian Peninsula, 
France, Italy), with a few reaching Switzerland and Slovenia, and those with haplotypes also 
found further to the north and east (Low Countries, Germany, Denmark, Hungary, Roma-
nia, Israel) and closely related ones (Fig. 4b, see also Fig. 3). The same partition of individuals 
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with Clade I haplotypes, as well as a cluster corresponding to Clade II, were recovered using 
the ‘clustering with linked loci’ model with the option ‘clustering of groups of individuals’. 
With this model, individuals were grouped a priori by country, but this model inferred two 
additional clusters composed of individuals carrying the haplotypes that did not fall into 
a major clade in the phylogenetic trees: one of these clusters corresponded to the set of 
haplotypes also identified in the median-joining network and that we called ‘Italian-North 
European’, while the other cluster contained individuals with the remaining haplotypes (Fig. 
4c). Members of the latter cluster were predominantly found in the Balkans and Crete, and it 
was clearly the dominant cluster in southeastern Europe; therefore it is subsequently desig-
nated as ‘Balkan’ group. As implied by their names, spatial segregation of the ‘Italian-North 
European’ and ‘Balkan’ clusters was evident. In contrast, the division of Clade I, consistently 
obtained with the ‘clustering with linked loci’ model, was less geographically explicit (Fig. 
4c). Indeed, the two central haplotypes in each of these subgroups suggested by BAPS within 
Clade I, H2 and H7, respectively, were common in Iberia, even if the subgroup containing 
H2 could be found much further north and east than the subgroup containing H7 (Fig. 3).

Tables 2 and 3 respectively present measures of mtDNA diversity estimated by country 
and for clades and groups of stone martens identified in the genealogical and Bayesian clus-
tering analyses above. In the analysis by country, haplotype richness and diversity were high-
est in Slovenia, Switzerland, Serbia and mainland Greece, and lowest in Hungary, Slovakia 
and Israel. Nucleotide diversity was highest in some countries of Western Europe (Nether-
lands, Denmark, France and Switzerland) and lowest in Portugal, Crete and Israel (Table 2). 
Among the clades and geographical clusters of European stone martens, haplotype diversity 
was highest in Clade I but haplotype richness was highest in the ‘Balkan’ cluster. In both 
of these groups, haplotype richness and diversity were moderately high and nucleotide di-
versity was relatively low. In Clade II and in the ‘Italian-North European’ cluster, haplotype 
and nucleotide diversity were similar and very low (Table 3). Given their main geographical 
distribution (Fig. 4a), and to facilitate discussion in a phylogeographic context, clades I and 
II are henceforth referred to as ‘Southwestern European’ and ‘Central-North European’, re-
spectively.

Pairwise Da distances between delineated geographic lineages in European stone martens 
varied from 0.17 to 1.51%, and differentiation measured by ΦST ranged from 0.60 to 0.99; all 
comparisons were significant (P < 0.05). Using equation D = 2μT and the substitution rate of 
1.675% nucleotide substitutions per million years, the observed Da distances translate into 
coarse estimates of the time since divergence between lineages. All the estimates fell within 
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the second half of the Middle Pleistocene, with the exception of the less differentiated ‘Ital-
ian-North European’ and ‘Balkan’ clusters, whose split was dated to the Pleniglacial (Table 
4).

Demographic history

The mismatch distributions and the results of the three neutrality tests were consistent 
with the scenario of past demographic expansion for the ‘Balkan’, ‘Italian-North Europe-
an’, and ‘Central-North European’ lineages. For the ‘Southwestern European’, the hypoth-
esis of past growth was supported by significant values of FS and R2, but Tajima’s D and the 
mismatch distribution did not differ from those expected under demographic equilibrium 
(Table 3). For both lineages ‘Central-North European’ and ‘Italian-North European’, which 
showed similar levels of mtDNA variation (Table 3), the time since expansion in units of 
mutational time before present (tau, τ) under the model of pure demographic expansion 
was estimated at 3.00, with 95% confidence intervals of 0.54 to 3.00. Using equation τ = 2ut 
(Rogers & Harpending 1992), where t is the time in generations since expansion and u is 
the substitution rate per year of the entire nucleotide sequence studied (i.e. 1.675 x 10-8 x 
621), and assuming a generation time of two years for stone martens (Jones et al 2009), the 
expansions were estimated to have started around 72,103 years ago (95% CI: 12979-72103). 
For the ‘Balkan’ lineage, the inferred expansion was estimated at 0.43 τ units (95% CI: 0.00-
3.28), which translated into 10,335 years BP (95% CI: 0-78833). Analyses of the 15 country 
samples containing more than 10 individuals (in the case of Greece, the mainland and Crete 
were considered separately), only found strong evidence of population growth for the Cre-
tan sample (Table S3).

Table 4. Pairwise mtDNA Da distances in percentage (below diagonal) and ΦST values (above 

diagonal) between identified geographical lineages of European stone martens. Within parentheses 

next to the Da values are the corresponding divergence time estimates in years before present, using a 

substitution rate of 1.675% nucleotide substitutions per million years. All Da and ΦST values were 

significant (p < 0.05). 

  Southwestern 
European 

Central-North 
European Balkans Italian-North 

European 
Southwestern European   0.87 0.88 0.9 
Central-North European 1.065 (317,910)   0.88 0.99 

Balkans 1.443 (430,746) 0.672 (200,597)   0.6 
Italian-North European 1.512 (451,343) 0.974 (290,746) 0.165 (49,254)   

 

Table 5. Time to the most recent common ancestor (TMRCA) in thousands of years for clades and 

geographical lineages of stone martens. Shown are the means and 95% highest posterior density 

(HPD) intervals obtained using an estimated rate of 1.675 x 10-8 substitutions per site per year on a 

stone marten-only alignment, with a strict molecular clock and a constant coalescent tree prior. 

Clade/Lineage TMRCA (95% HPD) 
M. foina 2,043 (1081-3149) 

Western Eurasian 554 (313-835) 
Southwestern European 229 (103-373) 
Central-North European 92 (14-202) 
Italian-North European  100 (19-210) 

Balkan 404 (188-661) 
 

S1 Table. Information on the samples used in this study, including ID number, internal sample codes, 

country of origin, geographic coordinates, genetic markers analysed, haplotype code and 

microsatellite genotypes. 

LINK DROPBOX 

 

 

 

 

Table 4. Pairwise mtDNA Da distances in percentage (below diagonal) and ΦST values (above diagonal) between iden-
tified geographical lineages of European stone martens. Within parentheses next to the Da values are the corresponding 
divergence time estimates in years before present, using a substitution rate of 1.675% nucleotide substitutions per mil-
lion years. All Da and ΦST values were significant (p < 0.05).
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Figure 4. BAPS inferences of the 
geographic structure of mtD-
NA variation in European sto-
ne martens. Circles represent 
samples and different colours 
represent clusters in the optimal 
partition. a) ‘spatial clustering of 
individuals’ model (K=3). The 
cluster in green corresponds 
to Clade I in the phylogenetic 
trees, the cluster in blue corres-
ponds to Clade II, and the clus-
ter in red to haplotypes that did 
not fall into a major clade in the 
phylogenetic trees; b) ‘clustering 
with linked loci’ model with the 
option ‘clustering of individuals’ 
(K=4). A similar solution to that 
of the previous model, with two 
clusters identical (in blue and 
red), but with a division of Cla-
de I sequences, represented by 
the two clusters in dark and light 
green; c) ‘clustering with linked 
loci’ model with the option ‘clus-
tering of groups of individuals’, 
in which individuals were grou-
ped a priori by country (K=5). 
A similar solution to that of the 
previous model, with three clus-
ters identical (in blue and dark 
and light green), but with a par-
tition of individuals carrying the 
haplotypes that did not fall into 
a major clade in the phylogene-
tic trees (the red cluster in the 
previous two models) into an 
‘Italian-North European’ clus-
ter (pink) and a ‘Balkan’ cluster 
(red).
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Estimates of the age of defined mtDNA lineages

Table 5 and Fig. S3 show the coalescence time estimates obtained from BEAST, for clades 
and geographical groups of stone martens. These results agree with the divergence times 
estimated from the pairwise Da distances in suggesting the presence of M. foina in Europe 
since the Middle Pleistocene and an east-west split in the second half of this period. The 
TMRCAs of the lineages ‘Central-North European’ and ‘Italian-North European’ at 100-90 
kyr BP are also compatible with the timing for their expansion estimated from the mismatch 
distribution.

Microsatellite analysis

Genetic diversity and structure

In total, 686 stone martens from 30 countries across the range of the species in western 
Eurasia were genotyped for 23 microsatellite loci (Table 1). Allelic richness and expected 
heterozygosity were highest in southeastern Europe (Serbia, mainland Greece, Bulgaria), 
Italy, and in some countries of Central and Western Europe (Austria, Switzerland, France). 
Some of these countries (Serbia, mainland Greece, Switzerland) also showed the highest ob-
served mtDNA diversity (Table 2). Microsatellite diversity was lower in Iberia, in the North 
European Plain (Luxembourg, Netherlands, Germany, Denmark, Poland), and in Crete.

The non-spatial algorithm used in Structure identified two clusters (K = 2; FST = 0.096, 
DEST = 0.191, P = 0.000 for both) as the uppermost hierarchical level of genetic structure in 

Table 4. Pairwise mtDNA Da distances in percentage (below diagonal) and ΦST values (above 

diagonal) between identified geographical lineages of European stone martens. Within parentheses 

next to the Da values are the corresponding divergence time estimates in years before present, using a 

substitution rate of 1.675% nucleotide substitutions per million years. All Da and ΦST values were 

significant (p < 0.05). 

  Southwestern 
European 

Central-North 
European Balkans Italian-North 

European 
Southwestern European   0.87 0.88 0.9 
Central-North European 1.065 (317,910)   0.88 0.99 

Balkans 1.443 (430,746) 0.672 (200,597)   0.6 
Italian-North European 1.512 (451,343) 0.974 (290,746) 0.165 (49,254)   

 

Table 5. Time to the most recent common ancestor (TMRCA) in thousands of years for clades and 

geographical lineages of stone martens. Shown are the means and 95% highest posterior density 

(HPD) intervals obtained using an estimated rate of 1.675 x 10-8 substitutions per site per year on a 

stone marten-only alignment, with a strict molecular clock and a constant coalescent tree prior. 

Clade/Lineage TMRCA (95% HPD) 
M. foina 2,043 (1081-3149) 

Western Eurasian 554 (313-835) 
Southwestern European 229 (103-373) 
Central-North European 92 (14-202) 
Italian-North European  100 (19-210) 

Balkan 404 (188-661) 
 

S1 Table. Information on the samples used in this study, including ID number, internal sample codes, 

country of origin, geographic coordinates, genetic markers analysed, haplotype code and 

microsatellite genotypes. 

LINK DROPBOX 

 

 

 

 

Table 5. Time to the most recent common ancestor (TMRCA) in thousands of years for clades 
and geographical lineages of stone martens. Shown are the means and 95% highest posterior 
density (HPD) intervals obtained using an estimated rate of 1.675 x 10-8 substitutions per 
site per year on a stone marten-only alignment, with a strict molecular clock and a constant 
coalescent tree prior.
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European stone martens (Fig. 5a). This East-West split separates individuals in southwest 
Europe from those found elsewhere in the continent. The distinction of the southwest Euro-
pean populations mirrors the pattern observed in the mtDNA data (Figs. 3 and 4a). Spatially 
explicit analyses in Geneland with varying K inferred seven clusters (K = 7; Fig. 5b) as the 
mode of the posterior distribution, but subsequent runs with K fixed to 7, to check the con-
sistency of the clustering arrangement and to obtain cluster membership probabilities for 
each individual, indicated six clusters (K = 6; Fig. 5c). The two clustering solutions revealed 
some similar patterns but also had important differences. Both consistently identified the 
same clusters in east-central and northern Europe (in dark blue) and in the Pannonian Basin 
(in brown), and suggested the presence of two clusters in the Iberian Peninsula (S-W and 
N-E: light and dark green, respectively). However, the two hypotheses differed with respect 
to the location of the NW-SE boundary in Iberia, and the K = 6 solution grouped NE Iberia 
with SW France. The two other clusters proposed in this solution grouped, respectively, 
stone martens from Italy, the Alps and the south of the Low Countries (in pink), and from 
the southeastern Europe and the Middle East (in red) (Fig. 5c). Conversely, the K = 7 solu-
tion grouped individuals from France, Switzerland and the south of the Low Countries (in 
light blue), from Italy, eastern Alps and Balkans (in red), and from Crete and the Middle 
East (in purple) (Fig. 5b). Genetic differentiation between the clusters in each geographic 
structuring inferred by Geneland, as measured by FST and DEST (Table 6), was significant for 
all pairwise comparisons (P < 0.05). Global FST and DEST values were, respectively, 0.079 and 
0.152 for the K = 6 solution, and 0.119 and 0.224 for the K = 7 solution. There are remarkable 
resemblances between the geographic patterns of microsatellite variation inferred by Gene-
land, particularly as revealed by the K = 6 solution, and the identified mtDNA phylogeo-
graphic structure (compare Figs. 4c and 5b). BAPS identified partitions with a large number 
of clusters in both the spatial (K = 16; Fig. S4a) and non-spatial (K = 18; Fig. S4b) models. 
The BAPS results were overall comparable with the K = 7 solution from Geneland, and the 
additional clusters are potentially either a signal of finer-scale genetic structure, for instance 
within Iberia (Vergara et al, in review), or artefacts.
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Table 6. Pairwise FST (below diagonal) and Jost’s DEST (above diagonal) between the clusters inferred by  
GENELAND from the microsatellite data: a) with varying K; b) with K fixed at the modal value in the runs with 
varying K.

Table 6. Pairwise FST (below diagonal) and Jost’s DEST (above diagonal) between 

the clusters inferred by GENELAND from the microsatellite data: a) with varying 

K; b) with K fixed at the modal value in the runs with varying K. 
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Figure 5. Bayesian clustering 
analyses of geographic gene-
tic structure in European stone 
martens based on microsatellite 
loci. Circles represent samples 
and different colours represent 
clusters in the optimal partition. 
a) STRUCTURE (K=2). A split 
between southwest Europe (in 
green) and the rest of the ran-
ge in the continent (in red); b) 
GENELAND with varying K 
(K=7). Clusters in east-central 
and northern Europe (in dark 
blue), in the Pannonian Basin 
(in brown), in the Iberian Pe-
ninsula (light and dark green), 
in France, Switzerland and the 
south of the Low Countries (in 
light blue), in Italy, eastern Alps 
and Balkans (in red), and in 
Crete and the Middle East (in 
purple); c) GENELAND with 
K fixed at the modal value in 
the runs with varying K (K=6). 
Clusters in east-central and nor-
thern Europe (in dark blue), in 
the Pannonian Basin (in brown), 
in south and west Iberia (in li-
ght green), in NE Spain and SW 
France (in dark green), in Italy, 
the Alps and the south of the 
Low Countries (in pink), and in 
the Balkans and the Middle East 
(in red).
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Discussion

The present work is the first study focused on the phylogeography and genetic structure 
of M. foina in Europe and was based on a large and geographically comprehensive sampling 
across the continent. The results revealed high levels of haplotype diversity and a major phy-
logeographic east-west split, consistently found in the mtDNA analyses, which was dated to 
the Middle Pleistocene. The western clade comprised mostly individuals sampled in West-
ern Europe, from the Iberian Peninsula to Denmark, and we identified three geographic 
lineages among populations occurring further east that we named ‘Balkan’, ‘Italian-North 
European’ and ‘Central-North European’.

The geographic distribution of stone marten mtDNA haplotypes, together with the di-
vergence time estimates, are congruent with a scenario where several regions potentially 
acted as glacial refugia during Late Quaternary glaciations, and secondary contact of lineag-
es from different origins recurrently occurred during interglacial periods. Extensive expan-
sion during these warmer intervals would have been facilitated by the good dispersal ability 
of the species, as inferred in other phylogeographic studies of mesocarnivores (e.g. Ruiz-
González et al 2013; Frantz et al 2014). The use of both mtDNA and microsatellites helped 
to more clearly elucidate the complex phylogeography and history of population structure 
of M. foina in Europe. 

Origin and timing of arrival of the stone marten in Europe

The distribution of the earliest fossils of the putative ancestral form of true martens Mar-
tes wenzensis from the Pliocene, suggest that martens evolved in Central Europe and then 
spread to the Middle East (reviewed in Hughes 2012). The subsequent speciation process 
may have occurred somewhere in Eurasia, with a divergence of the M. foina lineage from 
that of the other true martens at about 2.8 Mya (Koepfli et al 2008; Li et al 2014). According 
to our results, including a greater similarity to the haplotypes found in Iran and China, the 
‘Balkan’ lineage is the most basal among the extant mtDNA diversity in European stone mar-
tens. This, in conjunction with the Middle Pleistocene age inferred for the European stone 
martens, supports an early entrance into the Balkans from the Middle East and subsequent 
expansion westwards reaching Western Europe. Thus, the findings of this study strongly 
contradict the prevailing hypothesis, based on the fossil record, that stone martens only col-
onized Europe following the expansion of the Neolithic farming cultures from the Middle 
East (Anderson 1970; Sommer & Benecke 2004). Conversely, it is not possible to reconstruct 
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from the data how far north in Europe M. foina extended in the Pleistocene. However, the 
lack of known subfossils in the northern European lowlands dated to before the Middle Ages 
(Sommer and Benecke 2004) may suggest that the species was mostly restricted to southern 
latitudes.

Impact of the Late Quaternary glaciations and persistence in multiple refugia

After the colonization of Europe, an east-west divergence was estimated to have started 
≈ 0.55 Mya and complete isolation was inferred to have occurred at approximately 0.45 
Mya, which coincides with the Mindel-Elsterian glaciation (Raymo 1997). Indeed, the 0.60-
0.42 Mya interval was a period of predominantly cool-temperate climate, with cold peaks at 
0.56-0.53 Mya (MIS 14) and 0.48-42 Mya (MIS 12) (Lisiecki and Raymo 2005). Therefore, 
as found for other European mammals (Hewitt 2000; Feuda et al 2015), the likely causes of 
this ancient phylogeographic break among European stone martens are the effects of Mid-
dle Pleistocene glaciation. The geographic distribution of haplotypes and their genealog-
ical relationships are consistent with a scenario in which, following range fragmentation 
and contraction induced by climatic worsening ≈ 0.56 Mya, M. foina populations in Europe 
eventually became restricted to the Iberian and Balkan peninsulas. This would explain the 
observed east-west division and these two regions are known to have been important Pleis-
tocene glacial refugia for many European taxa (Hewitt, 2000). The primary east-west split 
was apparent in the haplotype network (Fig. 3) and in the Bayesian clustering analyses of the 
mtDNA (Fig. 4a), but also in microsatellite (Fig. 5a) data sets. Our estimates of how long the 
stone marten has been present in Europe lend some credibility to M. foina remains ascribed 
to the Pleistocene but affected by stratigraphic uncertainties: in the French Pyrenees (c. 0.57-
0.65 Mya, Bonifay 1973), Greece (c. 0.20-0.45 Mya, Tsoukala 1999) and Czech Republic (c. 
0.1-0.8 Mya, von Koenigswald & Heinrich 1999).

Eastern lineages

The low to moderate haplotype diversity and low nucleotide diversity in the three identi-
fied ‘eastern’ lineages (‘Balkan’, ‘Central-North European’ and ‘Italian-North European’; Ta-
ble 3) are compatible with rapid demographic expansion of small populations (Avise 2000). 
Actually, results of the mismatch distribution and neutrality tests all supported the hypoth-
esis of past demographic expansion for the three lineages. We propose that the genetic and 
geographic differentiation observed between these lineages may be the result of range frag-
mentation, and isolation and divergence in different refugia during Pleistocene glacial peri-
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ods. These refugia would have been in the Balkan Peninsula, the Pannonian Basin, and the 
Italian Peninsula, respectively. 

	 Balkan lineage

Several of our results, including the observed high levels of haplotype and allelic rich-
ness, suggest a long presence of M. foina in the Balkans. However, the moderate haplotype 
diversity and low nucleotide diversity of the ‘Balkan’ lineage are likely to be signatures of 
past demographic bottlenecks (Grant and Bowen 1998). Subsequent population growth was 
indicated by the aforementioned mismatch distribution and neutrality tests and also visible 
in the star-shaped pattern around H5, with widespread range expansion attested by the pres-
ence of H5 for instance in Spain and the Netherlands.

Numerous phylogeographic studies on species present in the Balkans have revealed the 
existence of independent refugia within the peninsula through the Quaternary (e.g. Schmitt 
et al 2006; Karaiskou et al 2014) thereby supporting the refugia-within-refugia concept (Gó-
mez and Lunt 2006). For instance, Greece, due to its location at the southern tip of the 
Balkan Peninsula, has been reported to hold genetically differentiated lineages from those 
elsewhere in the peninsula in different taxa (Stamatis et al 2009; Karaiskou et al 2014). The 
possibility that stone marten populations in the Balkans may have been isolated in separate 
refugia, north and south in the peninsula, is raised by the presence of a distinct set of hap-
lotypes (H36, 37, 38, 40, 41; Fig. 3) exclusive to Greece. Persistence in multiple refugia may 
have contributed to the maintenance of genetic richness in Balkan stone martens. More-
over, radial range expansion from the northern Balkans could have prevented the spread 
northwards of the haplotypes private to Greece, as described for the meadow grasshopper 
(Cooper et al 1995; Hewitt 1999). Future studies with increased sampling in the Balkans are 
warranted to test these hypotheses.

	 Italian-North European lineage

The ‘Italian-North European’ lineage, closely related to the ‘Balkan’, is distinguishable as a 
geographic expansion represented by H13 from the Balkans into Italy in the Late Pleistocene. 
We hypothesize that, by drift, it became rare in the Balkans and common in Italy, from where 
it subsequently expanded into northern Europe through France and Switzerland, eventually 
reaching Lithuania. The genetic differentiation between the ‘Italian-North European’ and 
‘Balkan’ lineages was also found in Bayesian clustering analyses of the mtDNA data in BAPS 
and of the microsatellite data in Geneland.
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	 Central-North European lineage

Among the Eastern lineages, the ‘Central-North European’ is the best-supported phy-
logroup (Clade II). Divergence between the ‘Central-North European’ and ‘Balkan’ lineages 
was estimated to have occurred near the end of the Middle Pleistocene (Table 4).

Recently, evidence has been accumulating for the existence of cryptic refugia for temper-
ate species well to the north of the classic southern refugia (i.e. Iberian, Italian and Balkan 
peninsulas) (Hewitt 1999; Hewitt 2001; Stewart and Lister 2001; Provan and Bennett 2008). 
Given the distribution of H16, we suggest that the ‘Central-North European’ lineage is the 
result of persistence and isolation in cryptic refugia potentially located in the Carpathian 
region, possibly in the Pannonian Basin. This basin, surrounded by the Carpathian Moun-
tains, the Eastern Alps, the Dinarides and the Balkan Mountains, has been postulated as a 
glacial refugium for a wide range of vertebrates, from amphibians (e.g. Rana arvalis, Babik et 
al 2004) to small mammals (e.g. Clethrionomys glareolus, Kotlík et al 2006; Mustela nivalis, 
McDevitt et al 2012) and large mammals (e.g. Ursus arctos, Saarma et al 2007). The haplo-
type network indicates a radial postglacial expansion of Clade II both into northern Europe, 
where it is dominant, and to the Balkans in the south. Clade II was consistently identified 
in the mtDNA analyses, while the microsatellite data revealed a more recent differentiation 
between central-northern Europe and the Pannonian Basin. 

Western clade

After the east-west split, the western clade (Clade I, ‘Southwestern European’ lineage) 
remained rather stable over time. Both the phylogenetic tree and the haplotype network 
show a complex system with several homoplasies but with a clear geographical structure. 
The presence of many private haplotypes in Iberia, along with the ancient internal subdi-
vision detected in the network and clustering analyses, stressed the important role of the 
Iberian Peninsula as potential glacial refuge for M. foina, as previously proposed for a wide 
range of species (Hewitt 1999; Hewitt 2004; Sommer and Benecke 2004; Randi 2007; Ruiz-
González et al 2013). 

During interglacial stages, the Iberian Peninsula, situated in the western edge of the stone 
marten distribution, had little influence in the postglacial range repopulation of Central Eu-
rope, in contrast to the key contribution reported in numerous studies on mammals (Ursus 
arctos, Valdiosera et al 2007; Martes martes Ruiz-González et al 2013; Meles meles, Frantz et 
al 2014). A possible explanation is that the Pyrenees acted as a barrier for the stone marten 

http://en.wikipedia.org/wiki/Carpathian_Mountains
http://en.wikipedia.org/wiki/Carpathian_Mountains
http://en.wikipedia.org/wiki/Alps
http://en.wikipedia.org/wiki/Dinarides
http://en.wikipedia.org/wiki/Balkan_mountains
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dispersal, as did in other species (e.g. Apodemus sylvaticus, Michaux et al 2003). Equally 
plausible, by the time the stone martens found their way out through the Pyrenees, France 
and Central Europe were already occupied by extant stone martens populations, and thus 
the low rate of immigration from the Iberian refugia had a relative small effect on the com-
position of the already established populations (e.g. Cooper et al 1995; Hewitt 2000). 

The long-term isolation in refugia, like the one in Iberia, make species more prone to evo-
lutionary divergence, usually leading to phylogeographic structuring or speciation (Stewart 
et al 2010). However, the specific responses to the Quaternary Climate changes ultimate-
ly depend on each species adaptations and environmental tolerances (Steward et al 2010). 
Limited phylogeographic structure in carnivores has been attributed to their high dispersal 
capabilities that allow relatively rapid gene flow across large distances, erasing the signs of 
Pleistocene separations (Vilà et al 1999). In this context, the lack of a clear genetic structure 
for mtDNA in the Iberian Stone marten populations was already detected by Vergara et al, 
in review). 

Some haplotypes within this Western clade displayed intriguing distributions, as the com-
mon western European H2 found in samples from Israel, (dominant haplotype is H49), and 
the presence of H2, H7 and H28 at low rates in the Carpathian belt. In light of this finding, 
two alternative explanations have to be contemplated. First, as documented for other species 
of the genus, stone martens were introduced into Luxemburg, Germany, Denmark, Russia, 
and into several Mediterranean islands (Powell et al 2012), but the existence of addition-
al unreported translocations across its range should not be discarded. Thus, stone marten 
translocations and/or human mediated introductions could be behind the irregular distribu-
tion of H2, H7 and H28 haplotypes. Another hypothesis for this finding is that these regions 
maintained ancestral populations carrying haplotypes from before the basal east-west split, 
which either became extinct elsewhere in Europe or might have gone undetected in this 
study. The contemporary genetic structuring obtained from microsatellites where; i) all sam-
ples from Israel belonged to a private cluster or were closely related to Crete or the Balkans 
and ii) all software converged in restricting the Sourthwestern cluster to Iberia and France, 
speaks in favor of the stone marten relictic population hypothesis. Still, additional sampling 
from Near-East populations are needed to shed light on these haplotype distributions. 

Contact zones between stone marten lineages

This study provided evidences to believe that the present stone marten populations were 
originated from individuals from four distinct glacial refugia; the Balkan Peninsula, the Ital-
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ian Peninsula and the Pannonian Basin in the Easter, and the Iberian Peninsula in the West-
ern clade. When divergent expanding lineages met, they formed what is called hybrid or 
contact zones (Hewitt 2000). In Europe, the main contact zones are located in The Alps and 
Central Europe, and in a minor degree, in the northern Balkans and the Pyrenees (Hewitt 
2000). In this study, regardless of when the diversification occurred, the mitochondrial lin-
eages seem to spatially converge in Southern-Central Europe. The highest observed mtDNA 
diversity found in Switzerland, Slovenia and Serbia suggest that the region could be the 
main intermixing zone. Allelic richness and expected heterozygosity were highest in Serbia, 
mainland Greece and Bulgaria, and in Austria, Italy, Switzerland and France. Thus, the con-
tact zone might well be best considered a continuum along the Alps. Mitochondrial BAPS 
results also identified Denmark as an important mixing zone with Slovenia and Austria as 
the main overlapping region, in consonance with the output of the same software BAPS from 
microsatellites. 

The stone marten in the island of Crete

Several mammalian species have been studied to identify the genetic link between insular 
and mainland populations and to answer how and when colonized and dispersed across the 
different Mediterranean islands (e.g. Dubey et al 2008; Lebarbenchon et al 2010). As gen-
erally agreed, the stone marten, as well as the pine marten, were introduced by humans in 
ancient times in more than 20 islands, mostly in the eastern Mediterranean (Alcover, 1980; 
Masseti, 1995). Crete has not been connected to the mainland since the Early Pliocene, 5 
Myr BP (Dermitzakis 1990). Therefore, colonization through human intervention (inten-
tionally or not) seems to be the prevailing hypothesis. Sondaar et al (1996) suggested that the 
process of differentiation of the stone marten in Crete was hidden by multiple introductions, 
possibly intermixed by local extinctions, as the stone marten fossils were found in the Early 
Neolithic layers, and reappeared in the Minoan period but were absent from the Middle and 
Late Neolithic material. The strong evidence of recent population growth and the significant 
number of private haplotypes detected in Crete reinforced the idea of recurrent reintro-
ductions from multiple source locations, such as mainland Greece or Turkey, but also from 
other Mediterranean Countries. 



Paper 4

191

Conclusions

In this study we provided the first phylogeographic and population genetic results of the 
stone marten in Europe through the mtDNA sequencing and microsatellite genotyping of 
a comprehensive sampling in the Western Paleartic. First, our results refuted the prevailing 
hypothesis, built on fossil evidences, according to which the stone marten entered Europe 
only during the Holocene and following the Neolithic cultures. In contrast, phylogenetic 
and dating analyses of the mitochondrial sequences revealed a strong an ancient genetic 
east-west split that can be dated back to the Middle Pleistocene. The geographic distribution 
of stone marten mtDNA haplotypes, together with the divergence time estimates, are con-
gruent with a scenario where several regions potentially acted as glacial refugia. Regardless 
of when the diversification occurred, the four postulated refugia were located not only in 
the Mediterranean refuges (i.e. the Iberian, Italian and Balkan peninsulas) but also possibly 
in cryptic northern refugia (i.e. the Pannonian Basin). Further, both genetic markers agreed 
in the presence of secondary contacts of lineages among individuals from different origins 
during interglacial periods, facilitated by the high dispersal ability of the stone marten, and 
by human mediated introductions and translocations.
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S1 Table. Information on the samples used in this study, including ID number, internal sample codes, country of 
origin, geographic coordinates, genetic markers analysed, haplotype code and microsatellite genotypes.

Supporting Information
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The table is too big to print in less than 15 pages. Thus, before the papers are published the table 
will be available online (dropbox folder) in the following link:

https://www.dropbox.com/sh/y4lw39hvnfrepow/AAD72y908pLs-3Zp2G4YUrCGa?dl=0

S3 Table. Results of mismatch distribution tests of demographic expansion and of Tajima (1989) and Fu (1997) 
tests for country samples containing more than 10 individuals (in the case of Greece, the mainland and Crete 
were considered separately).

Figure S1. Majority-rule consensus trees of the minimum evolution (left) and maximum parsimony (right) 
analyses of mtDNA haplotypes. Numbers above branches are bootstrap values. Haplotype codes are as in Table 
S.1. Clades were named (I and II) for discussion purposes.

https://www.dropbox.com/sh/clt5k115k4v28wc/AADwy7LslVO8r4YRLtBgpkJTa?dl=0
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Figure S3. Maximum clade credibility tree with divergence times generated by the BEAST analysis for 
mitochondrial genes analyzed. Node numbers indicate estimated mean ages and bars correspond to the 
95% highest posterior density intervals. Nodes supported with posterior probability values higher than 
0.95 are marked with black circles.
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Figure S4. BAPS inferences of the geographic structure of microsatellite variation in European stone martens. 
Circles represent samples and different colours represent clusters in the optimal partition. a) ‘spatial clustering of 
individuals’ model (K=16); b) ‘non-spatial clustering of individuals’ model (K=18). Compare results with that from 
GENELAND with varying K (Fig. 5b).
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Concluding remarks

From the studies performed in this PhD thesis the following conclusions can be drawn:

A. Non-invasive genetic sampling has proven to be an effective approach to cover a num-
ber of research topics in elusive European mustelids. The specific identification from spraints, 
used to define the otter distribution, led to the detection of a contemporary expansion of this 
species in northern Spain (Basque Country). Besides, the estimation of the number of indi-
viduals inferred through sex and individual characterization, provided essential information 
to guide short, medium and long-term conservation programs of this endangered species, as 
contemplated in the only prevailing management plan for the otter in the Basque Country 
(Álava). 

B. The combination of pine and stone marten presence records from different sources 
(non-invasive genetic sampling and unequivocal species detections from field data) was 
crucial to obtain a comprehensive high-resolution presence dataset for habitat suitability 
modeling. Multiscale habitat suitability models (HSM) showed higher discrimination ability 
than the equivalent single scale models, supporting the scale dependence of the pine and 
stone marten’s habitat selection. The incorporation of sampling bias corrections consider-
ably improved the predictive performance of the HSM, and their adequacy to the known 
distribution of both species. Further, the comparison between the best performing HSM for 
each marten led to the detection of a significant niche divergence between the closely-relat-
ed sympatric mustelids. The pine marten was positively associated with cooler areas, with 
a small degree of human disturbance, a high proportion of natural forests, well-connected 
forestry plantations and medium-extent of agroforestry mosaics. On the other hand, the 
stone marten was conditioned by the density of urban areas, the proportion and extensive-
ness of croplands, the existence of some scrub cover, and the availability of semi-continuous 
grasslands. Moreover, this research provided a useful methodological framework for future 
multispecies and multiscale comparatives.

C. The research presented on the stone marten intraspecific phylogeny, phylogeography 
and population and landscape genetics has greatly enhanced our knowledge of one of the 
least studied martens. Results revealed high levels of haplotype diversity and a major phylo-
geographic east-west split in Europe, which was dated to the Middle Pleistocene (0.55 Mya). 
Based on mtDNA and microsatellite results, four refugia were postulated for the Western 
Palaearctic: three traditional Mediterranean refuges located in the Iberian, Italian and Bal-
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kan peninsulas and an additional cryptic northern refugia potentially located in the Panno-
nian Basin (Carpathians). During the recurring interglacial periods of the Quaternary, the 
secondary contacts of populations from distinct origins would have been facilitated by the 
high dispersal ability of the stone marten and/or human mediated introductions/translo-
cations. The early divergence estimates categorically contradict the prevailing hypothesis, 
based on previous fossil evidence, according to which the stone marten´s first entrance and 
posterior dispersal followed the Neolithic cultures from the Near East in the Holocene. Ad-
ditionally, the high-resolution genetic study conducted within the Iberian Peninsula, led to 
the detection of a marked NE-SW cline in genetic diversity, a strong and pervasive isola-
tion by distance pattern, and genetic breaks corresponding, largely, to the presence of the 
three main rivers in Iberia (i.e. Ebro, Tagus and Guadiana). Overall, the use of both mtDNA 
and microsatellites markers together with new fossil evidence helped to elucidate the com-
plex phylogeography and history of population structure of M. foina both within Iberia and 
across Europe. 
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