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Abstract 

 

In the last century, the red-billed chough (Pyrrhocorax pyrrhocorax) populations has 

declined throughout its distribution area, with local extinction in many regions where once 

was common. The occurrence of this species is an excellent indicator of the ecological and 

environmental quality because it is a specialized corvid, feeding mainly on active insects in 

the soil, and very demanding in terms of habitat characteristics, generally connoted with 

traditional agriculture and pastoralism. Iberian Peninsula is one of the peripheral distribution 

areas of the species, where there are high levels of population fragmentation potentially 

associated with anthropogenic factors, being unknown its effect on the genetic diversity and 

population dynamics. The understanding of chough populations’ genetic structure is of crucial 

importance given their general declining trends and fragmentation, and the development of 

predictive ecological modelling tools are of great value to improve management and 

conservation recommendations, namely by anticipating future ecological consequences 

associated with anthropogenic habitat changes. In this context, this work aims to contribute to 

the characterization of the genetic structure and diversity of Iberian chough populations, as 

well as to analyse and to predict the influence of land use/land cover (LULC) changes on the 

choughs foraging habitat suitability in two case studies in Portugal (Serra de Aire e 

Candeeiros and Sagres) using a spatially-dynamic ecological modelling approach (StDM).The 

monitoring of 25 Iberian chough nuclei over the past 30 years allowed the collection of the 

biological samples used for genotyping of 642 individuals with nuclear (microsatellites) and 

mitochondrial markers. A total of 8989 birds of 12 nuclei were ringed in order to monitoring 

the dispersion patterns. Portuguese populations of Serra de Aire e Candeeiros and Sagres were 

seasonally monitored, following the flocks in feeding sites, being recorded the preferred 

habitat characteristics considering its integration in the development of an ecological model. 

The results of this multidisciplinary project suggest a high and unexpected genetic 

differentiation between the Iberian chough populations, with a reduced genetic diversity, 

mainly in the peripheral populations. Considering the high dispersal capacity of the species, 

the extreme and complex genetic differentiation observed between Iberian choughs is unique 

among birds, and only comparable to a few cases reported for humans, wild primates and 

cetaceans. Our study also evidences a high susceptibility of the choughs to anthropogenic 

changes (abandonment and/or reconversion of traditional agriculture and pastoralism), 

indicating a negative population trends in an abandonment scenario. However, when 



 
x 

 

mitigation measures were simulated in a habitat management scenario of important foraging 

areas, it was observed the minimization of species decline in a generalized context of 

abandonment of traditional practises. Therefore, our findings indicate that the implementation 

of urgent habitat management/restoration actions is a conservation priority for the chough 

populations, especially in the most peripheral and fragmented distribution areas.  

 

 

 

Keywords: Pyrrhocorax pyrrhocorax; Iberian Peninsula; dispersal movements; genetic 

structure; land use changes; habitat suitability; spatially explicit modelling; stochastic 

dynamic methodology 
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Resumo 

 

 A Gralha-de-bico-vermelho (Pyrrhocorax pyrrhocorax) tem sofrido uma regressão das 

suas populações no último século praticamente por toda a sua área de distribuição; tendo 

mesmo ocorrido a extinção local em muitas regiões onde outrora era comum. A ocorrência 

desta espécie representa um excelente indicador da qualidade ecológico-ambiental, por ser 

especializada, alimentando-se sobretudo de insetos ativos no solo, e muito exigente a nível 

das características dos habitats, muito conotados com a agricultura e pastorícia tradicional. A 

Península Ibérica é uma das áreas periféricas de distribuição, onde se verifica uma elevada 

fragmentação das populações potencialmente associada a fatores antropogénicos, não se 

conhecendo o seu efeito na diversidade genética e dinâmica populacional da espécie. O estudo 

da estrutura genética das populações de gralha-de-bico-vermelho é de extrema importância 

considerando a tendência geral de declínio e fragmentação. O desenvolvimento e aplicação de 

ferramentas de modelação ecológica podem ser fundamentais para propor novas estratégias de 

gestão e conservação, nomeadamente através da antecipação de futuras consequências 

ecológicas associadas com alterações antropogénicas no seu habitat. Neste contexto, este 

trabalho pretende contribuir para a caracterização da diversidade e estrutura genética das 

populações Ibéricas de Gralha-de-bico-vermelho, assim como analisar e prever a influência de 

fatores antropogénicos na dinâmica populacional em dois casos de estudo em Portugal (Serra 

de Aire e Candeeiros e Sagres) via modelação ecológica dinâmico-espacial. A monitorização 

de 25 núcleos populacionais Ibéricos proporcionou, ao longo dos últimos 30 anos, a recolha 

de material biológico usado para a genotipagem de 642 indivíduos utilizando marcadores 

nucleares (microssatélites) e mitocondriais. Em 12 destes núcleos foram anilhadas 8989 aves 

de forma a monitorizar a dispersão dos indivíduos. Em Portugal as populações de Sagres e da 

Serra de Aire e Candeeiros foram monitorizadas sazonalmente, acompanhando os bandos nos 

locais de alimentação, com a caracterização dos habitats preferenciais considerando a sua 

integração na conceção de um modelo ecológico. Os resultados deste projeto multidisciplinar 

sugerem uma elevada e inesperada estrutura genética entre as populações Ibéricas, com uma 

reduzida diversidade genética mais acentuada nas populações periféricas. Considerando a 

elevada capacidade de dispersão da espécie, a diferenciação genética complexa e extrema 

observada nestas populações de gralha-de-bico-vermelho é única entre as aves, e apenas 

comparável a alguns casos reportados para os humanos, primatas selvagens e cetáceos. Este 

estudo também evidencia uma elevada suscetibilidade da gralha-de-bico-vermelho a 
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alterações antropogénicas (abandono e/ou reconversão da agricultura e pastorícia tradicionais) 

indicando uma tendência populacional negativa num cenário de abandono em ambas as 

regiões estudadas. Contudo, quando se simularam medidas de mitigação num cenário de 

gestão do habitat em áreas importantes de alimentação, verificou-se a minimização do 

declínio da espécie num contexto generalizado de abandono das práticas tradicionais.Os 

dados obtidos neste estudo sugerem que a implementação de medidas de gestão/restauração 

de habitat são prioritárias e urgentes para a conservação das diferentes populações de gralha-

de-bico-vermelho, em especial no caso das mais periféricas e fragmentadas. 

 

 

 

Palavras-chave: Pyrrhocorax pyrrhocorax; Península Ibérica; movimentos de dispersão; 

estrutura genética; alteração do uso dos solos; adequabilidade do habitat;  modelação 

espacialmente explícita; metodologia estocástica dinâmica 
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Chapter I – General Introduction 
 

 
3 

 

I.1. Genetic structure in bird populations  

 

 Genetic structure among wildlife populations is influenced by several factors, 

including geographical and ecological barriers, dispersal capacity, and social behaviour (e.g., 

Hutchison and Templeton, 1999; Hoffmann and Willi, 2008; Kopps et al. 2014). In birds, 

fine-scale genetic structure has generally resulted from low dispersal capacity (Francisco et al. 

2007, Bertrand et al. 2014), geographical barriers (Milá et al. 2009) and habitat fragmentation 

(Segelbacher et al. 2008), or a combination of these factors. Restricted gene flow and genetic 

differentiation at large geographic scales are primarily consequences of geographic barriers 

and isolation by distance (e.g. Wright, 1943; Slatkin, 1987). In addition to physical barriers, 

complex social patterns can play a role restricting gene flow among populations. The 

evolutionary history of humans is clearly related to complex gene-culture interactions 

(Laland, 2008; Gintis, 2011). Therefore, the impact of social and cultural factors on patterns 

of genetic structure have been analysed mainly in humans (Ségurel et al. 2008; Tishkoff et al. 

2009; Ross et al. 2013). These studies highlight the significance of diverse socio-cultural 

traits, including ethnolinguistic boundaries, social organization and traditional lifestyles, as 

barriers to gene flow and consequent genetic differentiation among populations. There is 

evidence that similar processes occurs in several primate, cetacean and bird species in which 

social structure and breeding behaviour influences genetic structure of populations (Rendell 

and Whitehead, 2001; Ross, 2001; Laland and Janik, 2006; Irwin, 2012). For several bird 

species, social learning has been associated to the acquisition and/or transmission of a wide 

range of behavioural patterns (Slagsvold and Wiebe, 2011), such as song dialects (Beecher 

and Burt, 2004), migration routes (Mueller et al. 2013), use of tools (Kenward et al. 2006), 

foraging strategies (Aplin et al. 2014) and nest site selection (Kivelä et al. 2014). Some 

studies have analysed the influence of specific behavioural traits in the genetic structure of 

bird populations, revealing interesting fine-scale genetic structure patterns (e.g. MacDougall-

Shackleton and MacDougall-Shackleton, 2001; Beck et al. 2008; Rutz et al. 2012). Due to 

their high cognitive capacity, corvids have developed complex patterns of social behaviour 

(Marzluff and Angell 2005; Clayton and Emery, 2007), but few studies have analysed the 

influence of social behaviour on the genetic structure of their populations (Omland et al. 

2000; Abdelkrim et al. 2012).  

 Reduced gene flow among small populations can lead to a loss of genetic variation and 

a reduction in population fitness, which can affect the adaptive potential and the viability of 
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natural populations (e.g. inbreeding depression) (Crispo et al. 2011). Therefore, it is crucial 

understanding the drivers of population genetic differentiation through unexpected gene flow 

patterns, which can result in remarkable genetic structure with important implications for the 

adaptive and evolutionary processes, as well as the implementation of effective conservation 

and management strategies.  

 

 

I.2. Land use, habitat change and the conservation of birds 

 

 The populations of many bird species are vulnerable to anthropogenic changes (e.g. 

Pavlacky et al. 2012; Morinha et al. 2014; Job et al. 2016). Changes in agricultural practices 

are major anthropogenic threats to biodiversity, comparable to global climate change in terms 

of the ability to affect extensive areas of territory (Wright et al. 2012). Farmland areas support 

a wide diversity of plants and insects communities, providing a suitable habitat for several 

generalist and specialist bird species (Söderström et al. 2001; Vickery et al. 2009). In the last 

decades, the populations of various species of farmland birds declined greatly across Europe 

(Donald et al. 2002; Newton, 2004; Sanderson et al. 2013). The factors implicated in the 

decline of these bird species may include, among others, the abandonment of low-intensity 

land, the intensification of land use/land cover (LULC), the increasing use of pesticides and 

mechanization in agricultural systems (e.g. Chamberlain et al. 1999; Suárez-Seoane et al. 

2002; Benton et al. 2003). Most of the globally threatened bird species appears to be at risk 

due to habitat loss and degradation that resulted from changing patterns of land use (BirdLife 

International 2000). The abandonment of agricultural land induces ecological succession and 

further reduction in habitat complexity (Sirami et al. 2008), whereas the intensification and 

extensification of land use results in temporal and spatial homogenization of habitats (Benton 

et al. 2003). The development of effective management and conservation strategies are 

mandatory to minimize the effect of habitat/landscape changes on threatened open-habitat 

bird species (Donald et al. 2002). Nevertheless, the conservation of biodiversity through 

actions to support the management and restoration of anthropogenic habitats is a paradigm in 

the developed world (Wright et al. 2012). The encouragement of local farmers to manage 

landscapes for wildlife through incentives/benefits is frequently used by governments in 

several management/conservation programs (Pretty and Smith, 2004). Therefore, the 
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development of predictive tools to anticipate and to prioritize restoration efforts is of great 

value in support of technical and administrative decisions (Holl et al. 2003). 

 

 

I.3. Ecological models as predictive tools for conservation and environmental management 

decision-making 

 

 The comprehensive use of models in environmental management and conservation 

started in the beginning of the 1970s (Jørgensen, 2005). Ecological models can be an 

important environmental decision support through the simulation of alternative policies and 

management scenarios that are difficult or impossible to understand otherwise (Jorgensen, 

2011; Schmolke et al. 2010; Santos et al. 2013). Since most of the environmental impacts are 

long-term phenomena or occur after a time lag, early indications of change need to be 

identified (Bastos et al. 2016c). There are a great variety of model types and modelling styles, 

which were developed for several purposes, such as predictions of ecosystems behaviours, 

understanding general principles and patterns, demonstration of concepts, among others 

(Jakeman et al. 1993; Jorgensen, 2011). Taking into account the general propose, many 

approaches to developing models of complex systems have been reported, namely System 

Dynamics (SDs), Species Distribution Models (SDM), Bayesian Networks (BNs), Couple 

Component Models (CCMs), Agent-Based Models (ABMs), Knowedge-Based Models 

(KBMs) and hybrid protocols such as the Stochastic Dynamic Methodology (StDM) (Santos 

et al. 2013; Kelly et al. 2013).  

 The development of realistic models to predict the dynamics of terrestrial ecosystems 

is a big challenge within the ecological modelling community (Loreau et al. 2001; Mokany et 

al. 2016). Models that simultaneously attempt to capture the structure and the composition of 

ecosystems can be important resources in ecological integrity studies (Santos and Cabral, 

2004). Ecological models are usually data-intensive and frequently over-parameterized, 

however its added value to understand ecosystems functioning has been widely recognized 

(e.g. Tyre et al. 2007; Jørgensen, 2008). The prediction of how anthropogenic environmental 

changes will affect the ecology of species/populations and composition of biotic communities 

in disturbed ecosystems is essential to improve the conservation and management planning 

(Mokany et al. 2016). Ecological modelling approaches have been developed to predict the 

impact of different anthropogenic changes (e.g. wind farms, power lines, roads and LULC 
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changes) on bird populations and communities (e.g. Bastos et al. 2012; Bastos et al. 2016a; 

Bastos et al 2016c; Santos et al. 2016). The study of complex ecosystems using innovative 

modelling methodologies combining dynamic models with Geographic Information Systems 

(GIS) is valuable to understand the gradient of changes in space and time (Bastos et al. 2012; 

Holl et al. 2003). These powerful modelling tools can be very useful to anticipate and to 

prioritize restoration efforts by testing hypothetical habitat/landscape management scenarios, 

which are of particular importance for vulnerable/threatened bird species, namely in the 

implementation of effective conservation actions (Holl et al. 2003; Santos et al. 2013; 

Mokany et al. 2016).  

 

 

I.4. The endangered Red-billed Chough (Pyrrhocorax pyrrhocorax) as an ecological 

indicator of land use changes 

 

 The family Corvidae includes over 120 species, including crows, ravens, rooks, 

jackdaws, jays, magpies, treepies, nutcrackers and choughs (Madge and Burn, 1994). 

Generally, corvid species are monogamous and pair bonds are typically for life, remaining 

together throughout the year (Clayton and Emery, 2007). Breeding pairs of some species, 

particularly rooks, jackdaws and choughs show high or strict mate fidelity for life and use the 

same nesting site year after year (Clayton and Emery, 2007; Banda and Blanco, 2014). These 

long-term partnerships are comparable to the long-term alliances of many primates and 

cetaceans (Yamagiwa and Karczmarski, 2014). Corvids are among the most intelligent of all 

animals, especially among birds (Clayton and Emery, 2005). An important hallmark of corvid 

sociality is behavioural flexibility, which increases the complexity of social patterns between 

and within species (Clayton and Emery, 2007). Debate on the cognitive capacity and social 

learning of corvids has been often translated to discussion about the existence of complex 

cultural patterns (Seed et al. 2009; Marzluff and Angell, 2013), but there are no data on 

genetic structure of populations supporting it. 

 The red-billed chough (Pyrrhocorax pyrrhocorax) (Figure 1.1) is a highly social, 

medium-sized, long-lived corvid, showing strict mate and nesting-site fidelity (Bignal et al. 

1997; Blanco and Tella 1999; Banda and Blanco, 2014). Its populations are organized in 

small/medium-size groups of individuals distributed in areas with suitable habitats and nest 

sites (Blanco et al. 1997; Blanco et al. 1998; Blanco and Tella, 1999). Although widespread 
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across continental scales in Europe, Africa, and Asia (Cramp, 1988; Madge and Burn, 1994), 

populations are highly fragmented and isolated, and generally show population declines as a 

consequence of environmental degradation and human persecution (Blanco et al. 1997; 

Kerbiriou et al. 2006; De Sanctis et al. 2013; Jiménez et al. 2013). This species is listed in 

Annex I of the European Union Council Directive on the conservation of wild birds 

(2009/147/EC), as a species which requires special conservation measures concerning their 

habitat. 

 

 

Figure 1.1- Red-billed Chough breeding pair inside a roost in Northern Portugal. 

 

 Ecological requirements include a combination of generally limited nesting sites in 

caves, crevices and human-made structures (Blanco et al. 1997, Banda and Blanco 2009) and 

foraging areas, mostly grassland, short scrubland and steppe and pseudo-steppe agricultural 

areas (Blanco et al. 1996, 1998). The species is thought to be largely sedentary, performing 

short to regional movements associated with weather patterns and food availability, but little 

is known about the frequency of movements between geographical areas and population 

nuclei and their influence on genetic structure (Wenzel et al. 2012). Mitochondrial data have 

suggested an ancestral position of choughs within Corvidae family (Cibois and Pasquet, 1999; 

Ericson et al. 2005; Morinha et al. 2016). Understanding the genetic structure of chough 

populations is of paramount importance given the general declining trends and fragmentation 

of their populations, including local/regional extinction and isolation recorded in some 

countries (BirdLife International, 2015). Since anthropogenic habitat loss and fragmentation 

are the main factors associated with chough populations decline, the development of 
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predictive tools to understand the spatial and temporal variations of LULC changes can also 

be powerful ecological indicators to guide/improve the implementation of further 

management and conservation programs.  

 

I.5. Identification and justification of the objectives 

 

 The different aspects involved in the Red-billed Chough conservationist problematic are 

treated as distinct chapters in this thesis. Most of the results contained in the thesis chapters 

have already been published or submitted for publication. Besides this general introduction, 

the structure of the thesis is as follows: 

 

 Chapter 2 - Dealing with the extreme genetic structure of Red-billed Chough 

(Pyrrhocorax pyrrhocorax) despite its high dispersal capacity. 

 Chapter 3 - Dealing with the development of a spatially-explicit dynamic modelling 

framework in order to assess habitat suitability for endangered chough populations under land 

use change scenarios. 

 Chapter 4 - Dealing with the main conclusions and implications for chough 

conservation. 

 

 The general purpose of this thesis is to develop an integrative approach, based on 

multidisciplinary techniques, in order to assess the levels of genetic structure and diversity 

among the Iberian population nuclei and to predict (by using StDM protocol) the densities and 

distribution dynamic patterns of foraging flocking choughs in response to the complexity of 

some realistic abandonment LULC change scenarios expected to occur in Portugal. This will 

be accomplished in two fundamental steps. First, field and laboratory data are obtained, and 

second, a spatially explicit dynamic multi-model framework is built. The respective 

examinations and considerations should contribute to confirm the extreme importance of this 

multidisciplinary synergy for the application of the proposed methodology in the scope of 

endangered species conservation. 

 Addictionally, several complementary achievements in the fields of molecular and 

applied ecology were attained in parallel with the thesis development. These multi and 

interdisciplinary results represent relevant methodological improvements and findings for 

conservation and management of the species studied (see Annexes).  
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Chapter II 

 

 

Extreme genetic structure in a social bird species 

despite high dispersal capacity  
 

 

 

 

 

Social barriers have been shown to reduce gene flow and contribute to genetic structure 

among populations in species with high cognitive capacity and complex societies, such as 

cetaceans, apes and humans. In birds, high dispersal capacity is thought to prevent population 

divergence unless major geographic or habitat barriers induce isolation patterns by dispersal, 

colonization or adaptation limitation. We report that Iberian populations of the red-billed 

chough, a social, gregarious corvid with high dispersal capacity, show a striking degree of 

genetic structure composed of at least 15 distinct genetic units. Monitoring of marked 

individuals over 30 years revealed that long-distance movements over hundreds of kilometres 

are common, yet recruitment into breeding populations is infrequent and highly philopatric. 

Genetic dissimilarity is unrelated to geographic distance or habitat type, and thus genetic 

structure cannot be ascribed to isolation by distance or isolation by adaptation. Moreover, 

most population nuclei showed high levels of genetic diversity, suggesting a limited role for 

genetic drift in differentiating populations. We propose that social mechanisms may underlie 

this unprecedented level of genetic structure in birds through a pattern of isolation by social 

barriers not yet described, which may have driven this remarkable population divergence in 

the absence of geographic and environmental barriers. 

 

 

 

 

 

Morinha F., Dávila J.A., Bastos E., Cabral J.A., Frías Ó., González J.L., Travassos P., Carvalho D., Milá B., Blanco G. Extreme 

genetic structure in a social bird species despite high dispersal capacity. Molecular Ecology, doi: 10.1111/mec.14069.
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II.1.Introduction  

 

 Genetic differentiation among populations at large geographic scales is caused 

primarily by geographic barriers to gene flow and isolation by distance (e.g. Wright 1943; 

Slatkin 1987). However, complex social patterns are also known to play a role in restricting 

gene flow among populations (Ross 2001). The evolutionary history of humans is the clearest 

example of complex gene-culture interactions (Laland 2008; Gintis 2011), where diverse 

socio-cultural traits such as ethnolinguistic boundaries, social organization, and traditional 

lifestyles, act as barriers to gene flow and thereby promote genetic differentiation among 

populations (Ségurel et al. 2008; Novembre et al. 2009; Tishkoff et al. 2009; Ross et al. 

2013). This mechanism of isolation, mediated by social barriers, has been rarely reported in 

animals other than social mammals. In these cases, patterns of neutral genetic structure are 

typically consistent with patterns of isolation by limitation to dispersal (i.e., geographic 

distance), isolation by colonization (geographic barriers), or isolation by adaptation 

(ecological barriers) (Orsini et al. 2013). 

 There is evidence that complex social processes, similar to those in humans, occur in 

several non-human primate and cetacean species with variable dispersal capacity and an 

associated ability to cross geographical barriers (Pilot et al. 2010; Kopp et al. 2014; Kopps et 

al. 2014; Foote et al. 2016). In terrestrial birds, however, fine-scale genetic structure is 

relatively rare, and generally arises from major geographical barriers, low dispersal capacity, 

or a combination of both (Francisco et al. 2007; Naka et al. 2012; Bertrand et al. 2014). 

Among birds with high cognitive capacity, corvids have developed complex patterns of social 

behaviour (Marzluff and Angell 2005; Clayton and Emery 2007; Loretto et al. 2012), and 

there is some evidence that socio-cultural factors may have played a role in driving genetic 

structure at local scales when combined with low dispersal and small population size 

(Abdelkrim et al. 2012). However, this has not been the case in most studies at large 

geographic scales (Omland et al. 2000; McCormack et al. 2008; van Els et al. 2012; Zhang et 

al. 2012). Demonstrating the role of social factors in driving population divergence at large 

scales requires ruling out alternative factors such as limited dispersal capacity, geographic 

barriers to gene flow, and small-scale habitat specialization.  

 Here, we examine patterns of population genetic structure, individual dispersal and 

breeding recruitment within and among Iberian populations of the red-billed chough 

(Pyrrhocorax pyrrhocorax), a highly social corvid with high dispersal capacity. We aimed to 
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determine the relative roles of extrinsic factors (e.g. geographic barriers, distance, or habitat) 

versus intrinsic factors (e.g. natal dispersal, social behaviour) in driving population 

differentiation. We inferred population structure from individual genotypes at 11 

microsatellite loci and sequences from two mitochondrial DNA regions. We also used data 

from a region-wide long-term monitoring program of marked red-billed choughs over the last 

30 years to assess dispersal capacity and recruitment probability into breeding populations.   

 

 

II.2. Material and methods 

 

II.2.1. Long-term population monitoring and genetic sampling 

 Red-billed choughs (choughs hereafter) are highly social, medium-sized, long-lived 

corvids, showing strict mate and nesting-site fidelity (Banda and Blanco 2014). They are 

widespread at continental scales, but rare at regional scales, in Europe, Africa, and Asia 

(Cramp 1988). They forage mostly in open landscapes (Blanco et al. 1997 and 1998) and nest 

in caves, crevices and human-made structures (Blanco et al. 1997; Banda and Blanco 2009). 

The study area comprises the Iberian Peninsula, the European stronghold for this species, 

where numerous fragmented population nuclei are distributed across open, mountain and 

rocky inland and coastal areas (Figure 2.1) (Blanco 2004; Cuevas and Blanco 2015).  

 Biological samples for molecular analysis were collected at 25 population nuclei 

throughout the Iberian distribution range (Table 2.1).  
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Table 2.1- Sampling localities, sample sizes, and genetic diversity indices based on individual 

genotypes from microsatellite loci. NA– mean allele number per locus, HO - observed heterozygosity, HE- 

expected heterozygosity, with standard deviation (SD) shown in parentheses.   

  

 In twelve of these areas, we also individually marked 8989 nestlings and full-grown 

individuals from 1985 to 2016 in order to monitor dispersal movements and breeding 

recruitment. Throughout the entire study period we regularly searched for ringed breeders by 

surveying nesting sites and capturing breeding pairs. We recorded if they were ringed as 

nestlings to determine their natal origin (Blanco and Tella 1999; Banda and Blanco 2014). 

Communal roosts and foraging flocks were also regularly monitored to record the movements 

Country Area Locality Genetic 

cluster 

Sample size 

(mtDNA)a 

Sample size 

(microsat)a 

NA HO HE 

Portugal  Sagres L1 1 24 24 4.50 (0.48) 0.62 (0.05) 0.60 (0.04) 

Portugal  Porto de Mós L2 2 25 25 5.10 (0.38) 0.63 (0.06) 0.62 (0.04) 

Portugal Serra da Estrela L3 2 13 13 5.10 (0.57) 0.54 (0.07) 0.59 (0.06) 

Portugal  Barroso L4 3 6 6 3.60 (0.40) 0.55 (0.09) 0.57 (0.05) 

Spain Enciña da Lastra L5 4 10 10 6.00 (0.52) 0.76 (0.07) 0.72 (0.03) 

Spain Vilarín L6 4 19 19 7.00 (0.54) 0.74 (0.05) 0.74 (0.03) 

Spain Riodeporcos L7 4 16 16 7.30 (0.65) 0.71 (0.03) 0.73 (0.04) 

Spain Costa da Morte L8 5 14 14 5.10 (0.55) 0.65 (0.04) 0.63 (0.04) 

Spain Asturias L9 6 40 38 9.30 (0.99) 0.74 (0.03) 0.79 (0.02) 

Spain Urbasa L10 7 37 39 9.70 (0.98) 0.75 (0.02) 0.79 (0.03) 

Spain Los Monegros L11 8 35 38 10.30 (0.76) 0.74 (0.05) 0.79 (0.04) 

Spain Teruel L12 ? 24 24 9.80 (0.79) 0.73 (0.04) 0.79 (0.02) 

Spain Albacete L13 9 9 14 5.80 (0.55) 0.68 (0.04) 0.70 (0.02) 

Spain Murcia L14 10 24 24 9.80 (0.80) 0.80 (0.03) 0.81 (0.02) 

Spain Granada L15 10 23 23 9.00 (0.68) 0.85 (0.04) 0.77 (0.03) 

Spain Málaga L16 11 35 42 10.30 (1.22) 0.72 (0.04) 0.75 (0.04) 

Spain Ciudad Real L17 ? 15 9 5.60 (0.48) 0.81 (0.05) 0.72 (0.04) 

Spain Hornachos L18 12 17 17 6.20 (0.51) 0.72 (0.04) 0.70 (0.03) 

Spain Castuera L19 ? 9 9 6.90 (0.64) 0.81 (0.04) 0.79 (0.02) 

Spain Guadalajara L20 13 14 17 8.40 (0.50) 0.85 (0.03) 0.80 (0.02) 

Spain Río Lobos L21 14 15 15 7.20 (0.49) 0.80 (0.02) 0.75 (0.02) 

Spain Azálvaro L22 14 23 23 8.30 (0.60) 0.80 (0.04) 0.79 (0.02) 

Spain Segovia L23 14 17 18 7.70 (0.65) 0.82 (0.02) 0.78 (0.02) 

Spain Madrid west L24 15 57 56 9.80 (1.15) 0.74 (0.05) 0.77 (0.03) 

Spain Madrid east L25 15 56 57 10.60 (0.81) 0.80 (0.04) 0.78 (0.03) 

 TOTAL   577 590    

a Number of samples with successful PCR amplification for mitochondrial DNA and microsatellites without full-sibs. 
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of ringed individuals identified with spotting scopes. Multiple captures of communally 

roosting birds were also conducted to ring and record the presence of previously marked 

individuals. 

 

II.2.2. Extraction of genomic DNA and microsatellite genotyping 

 Genomic DNA was extracted from blood and feather samples. DNA isolation from 

blood was performed using the Quick-gDNA MiniPrep kit (Zymo Research) according to the 

manufacturer’s protocol, with some optimizations. Briefly, the samples were digested at 56ºC 

for 2 h and DNA was collected by two sequential elutions with 50 μl of elution buffer 

(incubation time was extended to 15 min at room temperature). For molted feathers, the 

calamus (5–15 mm) of all samples was cut off in small pieces and the genomic DNA was 

isolated using the ZR Genomic DNA-Tissue MiniPrep (Zymo Research) according to 

manufacturer’s instructions, with some modifications. Briefly, all samples were digested at 

55ºC for 3 h in a solution containing 130 μl of 2X digestion buffer, 130 μl of H2O, 20 μl of 20 

mg/ml proteinase K and 20 μl of 1M dithiothreitol (DTT). DNA was collected by two 

sequential elutions with 50 μl of elution buffer (preheated at 90ºC). 

 A total of 642 individuals were genotyped at 11 polymorphic microsatellite loci 

specifically developed for choughs (Dávila et al. 2015). PCR was performed in a reaction 

mixture of 10 μl, containing ~50 ng (DNA extracted from blood) or 3 μl (DNA isolated from 

feathers), reaction buffer with 2 mM MgCl2 (Biotools), 0.15 mM of each dNTP (Biotools), 

0.5 μM of each primer and 0.5 U of Taq polymerase (Biotools). PCR thermal conditions were 

as follows: initial denaturation at 94 °C for 2 min, followed by 35 cycles of 94 ºC for 30 s, 

locus-specific annealing temperature (see Dávila et al. 2015) for 30 s, 72 ºC for 30 s, and a 

final extension at 72 ºC for 10 min. Forward primers were labelled with VIC, PET, 6-FAM or 

NED fluorescent tags and the amplified fragments were electrophoresed on an ABI PRISM 

3130xl Sequencer (Applied Biosystems) using the GeneScan-500(LIZ) size standard. Allele 

sizes were determined using GeneMapper v.4.0 software (Applied Biosystems).  

 Individuals with missing data at three or more loci were excluded from the dataset. All 

loci within each population were screened for the presence of genotyping errors, null alleles, 

large allele dropout and stuttering with Micro-checker v.2.2.3 (Van Oosterhout et al. 2004) 

using Bonferroni (Dunn-Sidak) adjusted confidence intervals (95%) derived from 10,000 

Monte Carlo simulations. The probability of null alleles was negligible for all loci except 

PpyA1.9, which was excluded from all subsequent analyses. To minimize potential bias due 
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to family sampling, individuals from each sampling site were screened for close genetic 

relatedness (presence of full-sibs) using Colony v.2.0.5.8 (Jones and Wang 2010), and 

applying the full-likelihood method, long length of run, medium likelihood precision, and no 

sibshipprior, assuming a monogamous mating system and an inbreeding model for isolated 

populations (Keller and Waller 2002). After four long runs, only one member of each full-sib 

pair detected with a probability >0.90 was included in the final genotype data set used in the 

study. Lositan (Antao et al. 2008) was used to detect evidence of selection at individual loci.  

 Linkage disequilibrium (LD) between pairs of loci and deviations from Hardy-

Weinberg equilibrium per sampling location were calculated with Genepop v.4.4.2 (Rousset 

2008) using the Markov chain method (10,000 dememorisation steps, 1000 batches and 5000 

iterations/batch), and a sequential Bonferroni correction. Microsatellite genetic diversity was 

characterised by the number of alleles per locus (NA), observed and expected heterozygosities 

(HOand HE) calculated with Genalex v.6.5 (Peakall and Smouse 2012), allelic richness (AR) 

obtained using Fstat v.2.9.3.2, and fixation index (FIS) values estimated using Genepop 

v.4.4.2 (Rousset 2008).  Polymorphism information content (PIC) for all loci per population 

was obtained using Cervus v.3.0.3 (Kalinowski et al. 2007).  

 

II.2.3. Mitochondrial DNA sequencing and analysis  

 Partial sequences of the control region (CR) and NADH dehydrogenase gene subunit 2 

(ND2) were used to assess mitochondrial genetic diversity and structure. The 680-bp fragment 

of the mtDNA D-loop was amplified with primers JCR13 (5’-

TGTTTTCTTTTTGGGGTCTCTTCAATAAGC-3’) and H1248 (5’-

CATCTTCAGTGTCATGCT-3’) (Saunders and Edwards 2000), while the 512-bp fragment 

of the ND2 was amplified using primers L5216 (5’-GGCCCATACCCCGRAAATG-3’) and 

H5766 (5’-RGAKGAGAARGCYAGGATYTTKCG-3’) (Sorenson et al. 1999; Sefc et al. 

2003). All PCR amplifications were performed in a total volume of 20 μl containing 10 μl of 

2x MyTaq HS Mix (Bioline), 5 pmol of each primer and ~20 ng of template DNA. The 

amplification protocol was composed of the following steps: initial denaturation at 95ºC for 5 

min followed by 30 cycles of denaturation at 95ºC for 30 s, annealing at 58ºC (for D-loop) or 

60ºC (for ND2) for 1 min, extension at 72ºC for 30 s, and a final extension at 60ºC for 10 min. 

PCR products were purified with Illustra ExoStar 1-Step (GE Healthcare) and bi-directionally 

sequenced at Stab Vida facilities (Lisbon, Portugal). Nucleotide sequences were aligned, 

edited and analysed using the Clustal Omega (Sievers et al. 2011) and Genedoc v.2.7.000 



Chapter II – Genetic structure of Iberian chough populations 
 

 
16 

 

software (Nicholas et al. 1997).The sequences of all haplotypes identified were submitted to 

GenBank under accessions KX024396-KX024431 (CR sequences) and KX024343-

KX024378 (ND2 sequences). MtDNA genetic diversity indices (H, number of haplotypes; h, 

haplotype diversity; K, average number of differences; and π, nucleotide diversity) were 

obtained with DnaSP v.5.10.01 (Librado and Rozas 2009). A median-joining statistical 

parsimony network was constructed using the program Network v.4.6.1.3 (Bandelt et al. 

1999).  

 

II.2.4. Bayesian clustering analysis and population genetic differentiation 

 Red-billed chough population structure across Iberia was inferred using Bayesian 

clustering algorithms, which use multilocus genotype data to assign individuals to clusters 

under the assumption of Hardy–Weinberg and linkage equilibrium within each population 

(Pearse and Crandall 2004; Manel et al. 2005). The available Bayesian clustering software 

packages differ slightly in the model assumptions and methodological principles, which may 

lead to incongruent results among different methods (François and Durand 2010). To support 

the reliability of the population genetic structure, we used three different strategies 

implemented in Geneland v.4.0.5 (Guillot et al. 2005a), Baps v.6.0 (Corander et al. 2008) and 

Structure v.2.3.4 (Pritchard et al. 2000), respectively.  

 Geneland uses a Reversible Jump Markov Chain Monte Carlo (RJMCMC) algorithm 

for the inference of number of populations, which can be implemented using a spatially 

explicit model that assumes the geographical location of the samples. In this study, the 

inferences were carried out using 20 independent runs with K varying from 1 to 10 under the 

following conditions: 1 000 000 MCMC interactions with a thinning of 100, a maximum rate 

of Poisson process of 590 (equal to the number of individuals in the dataset), a maximum 

number of nuclei of 1770 (3 x maximum rate of Poisson process), an uncorrelated allele 

frequency model, a true spatial model and a false null allele model. The uncorrelated allele 

model was chosen since there is evidence that the correlated model may overestimate the 

number of populations (Guillot et al. 2005b; Cullingham and Moehrenschlager 2013). The 

uncertainty of the coordinates was set to zero assuming that individuals have the same 

geographic provenance within each sampling region. 

 In Baps, the Bayesian clustering model uses a stochastic optimization algorithm to 

infer the posterior mode of the genetic structure (Corander et al. 2006), allowing the non-

spatial and spatial clustering of “individuals” or “groups of individuals”. In this approach, the 



Chapter II – Genetic structure of Iberian chough populations 
 

 
17 

 

spatial clustering of groups was implemented with 10 replicates for each K (from 2 to 10). To 

estimate admixture coefficients among clusters, the program was run with the following 

parameters: 1000 interactions, 2000 reference individuals and 10 interactions for reference 

individuals. 

 The program Structure infers the optimal number of populations (K) using a Markov 

chain Monte Carlo (MCMC) algorithm. Considering the complexity of our dataset, we 

followed a strategy similar to an approach previously reported for highly structured data to 

select the best K (Tishkoff et al. 2009). Thus, the analysis consisted of 20 independent runs 

for all K values (varying from 1 to 10), each with 1,000,000 MCMC iterations after a burn-in 

of 100,000 iterations, under a model of admixture and correlated allele frequencies. The 

simulations were performed using sampling localities as priors (locprior option) (Hubisz et al. 

2009). The Clumpak server (Kopelman et al. 2015) was used to process the structure outputs 

to obtain assignment probabilities of individuals (q) to each cluster (using a MCL threshold 

for similarity scores of 0.90) and to display the results in a graphical interface. The likelihood 

distributions were analysed with structure harvester (Earl and von Holdt 2012). The optimal K 

value was selected considering the following assumptions: (1) the likelihood distribution 

reached a maximum and began to plateau or decrease; (2) high stability of clustering patterns 

between runs (at least 60% of the 20 runs were similar in the primary mode); and (3) Kmax + 

1 no longer identify new clusters (i.e., the genetic structure at Kmax + 1 is equal to Kmax). 

Structure analyses were also performed using a hierarchical approach to detect fine-scale 

population structure (Evanno et al. 2005). Thus, population clusters differentiated at the first 

level of the structure analysis (q>0.5) were analysed separately in a second level analysis. The 

best K for each cluster was selected following the procedures described above for the first 

level, after running the programme n+2 times, considering n the number of sampling localities 

included in the clusters.  

 The level of genetic differentiation among populations was estimated based on data 

from 10 microsatellite loci and two mtDNA markers (CR and ND2). For microsatellite 

markers, global and pairwise genetic differentiation was characterised by FST (Weir and 

Cockerham 1984) and Jost’s D values (Jost 2008). Computations for FST were performed in 

Genalex v.6.5 using the analysis of molecular variance (AMOVA) with 9,999 permutations. 

The calculation of Dest values was also carried out in Genalex v.6.5 using 99 permutations 

(maximum number of permutations allowed by the software due to missing data in some loci) 

to test significance at a 0.05 level. The mitochondrial genetic differentiation among the 
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chough populations was calculated in Arlequin v.3.1 (Excoffier et al. 2005) with 9,999 

permutations to assess the significance of pairwise FST  estimates.  

 

II.2.5. Testing for departures from mutation/drift and migration/drift equilibria 

 The analysis of departures from neutral equilibrium associated with selection 

(mutation-drift disequilibrium) or population processes (migration-drift disequilibrium) 

provides important data to identify demographic events (e.g. bottlenecks or restriction in gene 

flow) which may have influenced populations in the past. The program BOTTLENECK 

v.1.2.02 (Piry et al. 1999) was used to detect evidence of “recent” bottleneck events. 

Additionally, the evidence for genetic bottlenecks in our data was also tested through the M-

ratio model implemented in the software M_P_Val (Garza and Williamson 2001). 

 In a recently bottlenecked population, the expected heterozygosity under Hardy–

Weinberg equilibrium (HE) is higher than the expected heterozygosity in a population at 

mutation-drift equilibrium (HEQ) (Cornuet and Luikart 1996; Luikart et al. 1998; Spencer et 

al. 2000). The software Bottleneck detects whether there is an excess or deficiency of 

heterozygotes relative to expected heterozygosity under mutation–drift equilibrium. The 

stepwise mutation model (SMM) and two-phase mutation (TPM) model (30%, variance for 

TPM and 95%, proportion of SMM in TPM) was tested with 10,000 iterations. Statistical 

significance was determined by Wilcoxon sign-rank tests. The mode-shift test (Luikart et al. 

1998) was also applied to our data. It is used to detect distortion of the L-shape expected 

under equilibrium for the allele frequency distribution. Following a bottleneck, it is expected 

that the allele frequency distribution will have shifted towards more common alleles with 

fewer low-frequency alleles. This model calculates the ratio between the total number of 

alleles in a population (k) and the total number of expected alleles considering the allelic size 

range (r), assuming that during population bottlenecks k tends to decrease faster than r. 

Consequently, the M-ratio (=k/r) tends to be smaller in recently bottlenecked populations 

when compared to populations in equilibrium (Mc). The critical values (Mc) were calculated 

based on the two-phase model of microsatellite mutation with the program CRITICAL_M 

(Garza and Williamson 2001). The analyses were performed using default parameters of the 

average repetition frequency of multi-step mutation (Δg) = 3.1 and proportions of multi-step 

mutations (Pg) = 0.22 (as recommended by Peery et al. 2012) to minimize the probability of 

type I errors) and four different values of θ (0.01, 0.1, 1 and 10) were tested. Finally, the 
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empirical value of the M-ratio was compared to the bottleneck threshold (0.68) suggested by 

Garza and Williamson (2001) as well as the Mc values obtained for all populations. 

 The test for deviations from migration–drift equilibrium was based on the estimations 

and comparison of the relative likelihoods of a “gene flow/drift” and a “drift alone” model 

obtained with the program 2MOD (Ciofi et al. 1999). In the estimation of relative 

probabilities, this method assumes that the effect of microsatellite mutations is negligible after 

population divergence (Ciofi et al. 1999). Five independent runs of 1,000,000 MCMC 

iterations were executed, with the first 100,000 steps discarded as burn-in.  

 

II.2.6. Correlation of genetic structure with geography and ecology 

 To identify potential drivers of population genetic structure, we used Mantel tests to 

estimate the correlation between matrices of genetic and geographic distances, and relevant 

ecological factors. Under a scenario of isolation by dispersal limitation or distance (IBD), we 

expect a linear increase of genetic distance with geographic distance. Under isolation by 

adaptation, we expect genetic distances to reflect ecological divergence of populations, in 

terms of prevailing habitat conditions or other environmental characteristics (Orsini et al. 

2013). Isolation by distance was analysed using a Mantel test implemented in the Isolde 

extension in Genepop (Rousset, 1997), with 10,000 permutations, to compare matrices of 

genetic distance expressed as FST/(1-FST) and geographical distance (ln[km]) among the 

populations previous characterised. All remaining correlations were carried out using Passage 

v.2.0.11.6 (Rosenberg and Anderson, 2010) and the significance of the Mantel tests was 

assessed using 100,000 permutations. Matrices of different genetic distances (FST and Dest for 

microsatellites, and FST for mitochondrial genes) were compared, and the matrices of 

dominant habitat types and nesting sites were compared with genetic distances (FST values 

from microsatellites). The binary matrices of the two potential ecological drivers analysed 

were constructed considering the following binary indicators: 0, when populations have 

similar habitat or use similar nest sites, and 1, when the ecological characteristics were 

different (Table 2.2). We did not consider further habitat predictors because the species is 

highly plastic in its ecological preferences. Choughs breed and forage from the seaside to 

mountain tops in a variety of habitats, and their diet within a population ranges from purely 

insectivorous or omnivorous to mainly frugivorous depending on environmental features and 

local and temporal constraints (Blanco et al. 2013). 
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Table 2.2- Dominant habitat types and nest sites associated with the 15 chough populations under study.  

 

Population 

Dominant habitat types  Nest sites 

Grassland 
Agricultural areas 

(cereal crops) 

Short 

scrubland 
 

Human-made 

structures 
Caves 

Crevice (Sea 

cliff) 

Crevice 

(other) 

P1 + + +  - - + - 

P2 + - +  - + - + 

P3 + - +  - + - + 
P4 + - +  - + - + 

P5 + - -  - - + - 

P6 + - -  - + - + 
P7 + - -  - + - + 

P8 - + +  + - - - 

P9 - + +  - + - + 
P10 + + +  + + - + 

P11 - + +  - + - + 

P12 + + +  - - - + 
P13 - - +  - + - - 

P14 + + +  + + - + 

P15 - + +  + + - + 

+ highly important; - no/reduced importance  

 

 

II.3. Results  

 

II.3.1 Genetic structure in microsatellite loci 

All loci were polymorphic in all sampling sites with a total of 176 different alleles 

amplified. The number of alleles per locus ranged from 9 (Ppy2P16) to 30 (Ppy2P7), with an 

average of 17.3 alleles. PIC values support the high genetic diversity and informativeness of 

the markers with mean values ranging between 0.597 (Ppy51) and 0.755 (PpyA1.12) 

(Appendix I). Average values of allelic richness ranged between 3.908 and 5.892 (Appendix 

I). Mean observed heterozygosity ranged between 0.611 (Ppy51) and 0.817 (Ppy104), and the 

mean expected heterozygosity ranged between 0.644 (Ppy51) and 0.797 (Ppy104) (Appendix 

I). The average FIS values were close to zero (Appendix I) as expected in randomly mating 

populations. Four loci had significant deviations from Hardy-Weinberg equilibrium (HWE) 

after Bonferroni correction in a total of six independent sampling localities, namely Ppy63 

(L12, L22, L24), Ppy2P5 (L3), Ppy104 (L16) and Ppy2P7 (L1). When sites were clustered as 

separated populations, only one locus (Ppy104) showed significant deviation from HWE in 

one population (P11) (Appendix I). No significant evidence for linkage disequilibrium was 

found between loci and populations.  

 Both microsatellite and mitochondrial DNA datasets revealed marked levels of genetic 

structure among chough populations across the Iberian Peninsula. The three clustering 

methods based on microsatellite markers revealed a consistent and marked degree of structure 

among chough populations. The programs differed slightly in their estimates of the optimal 
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number of populations (K), but the main partitions were very consistent (Figure 2.1). The 

genetic clusters obtained with geneland (K=7), baps (K=9) and the first level of structure 

(K=8) clearly differentiated two population clusters in Portugal (L1 and L2-L3) and three 

clusters in Spain (L13, L18 and L20-L25) (Figure 2.1). The remaining genetic clusters are 

slightly different between the three Bayesian approaches, yet the number of clusters remains 

similar. In geneland, individuals from localities L11 and L19 were included in the same 

cluster and the remaining samples were grouped in a single population cluster (Figure 2.1). 

The baps method distinguished two new clusters (L4 and L8), which are included in the red 

cluster in geneland and structure (first level) analyses. Nevertheless, the samples from L19 are 

included in another cluster (Figure 2.1). In the first level of structure, the pattern of genetic 

clusters was similar to geneland, with the exception of the cluster that includes the southern 

Spanish localities (L14-L16) (Figure 2.1). The hierarchical clustering performed in the second 

level of structure revealed a complex fine-scale genetic structure (Figure 2.1). Localities in the 

northern Iberian Peninsula were grouped into five population clusters (L4, L5-L7, L8, L9 and 

L10); the southern Spain locations formed two clusters (L14-L15 and L16) and the central 

Spain samples were integrated into three distinct clusters (L20, L21-L23 and L24-L25) 

(Figure 2.1). 

 
 

Figure 2.1- Genetic structure among Iberian populations of the red-billed chough. (a) Map of the red-billed 

chough distribution range (grey area) and sampling localities (numbered circles, with circle size proportional to 

sample size, see Table 2.1). Colours correspond to genetic clusters in (b). (b) Results of the analysis of genetic 

structure inferred from microsatellite data using Geneland, Baps, and Structure. Vertical bars correspond to 

individual choughs and colours represent the posterior probability of assignment to each of an optimal number of 

clusters estimated by each program (K=7 for Geneland, K=9 for Baps, and K=8 for Structure).   
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  All pairwise FST and Dest estimates were highly significant (P<0.001) and highly 

correlated (r=0.772; P<0.001), with the highest values among the three Portuguese population 

groups (P1, P2 and P3) and moderate to high differentiation among Spanish populations 

(pairwise estimates for P4 to P15) (Appendix II). Regarding mtDNA, pairwise FST values 

between clusters ranged from 0 to 0.945, with 79% of the estimates being significant at the 

0.05 level (Appendix III).  

 The results of the analysis with bottleneck suggested historical population contraction 

events in some populations (P1, P6-P9 and P12-P15) only when assuming an infinite allele 

model (IAM) (Table 2.3).  

 

Table 2.3- Results of the bottleneck analysis. P-values of the one-tail Wilcoxon test for heterozygote excess are 

shown for the Two-Phase Model (TPM), Stepwise Mutation Model (SMM) and Infinite Allele Model (IAM). 

For the Mode-shift test, modes obtained for each population are indicated. Values of the observed M-ratio (M) 

and critical ratio (Mc) were estimated for three values of pre-bottleneck θ that correspond to Ne values of 50, 500 

and 5000, respectively. Values in bold suggest historic bottleneck events. 

 
Bottleneck 

 Mode-shift  

M-ratio (Mc) 

Population 

code 

TPM 

P-values 

SMM 

P-values 

IAM 

P-values 
M θ = 0.1 θ = 1 θ = 10 

P1 0.461 0.754 0.001  Normal L-shaped  0.524 0.771 0.707 0.631 

P2 0.993* 0.998* 0.216  Normal L-shaped  0.637 0.769 0.714 0.666 

P3 0.615 0.652 0.116  Normal L-shaped  0.451 0.767 0.690 0.488 

P4 0.862 0.947 0.053  Normal L-shaped  0.689 0.772 0.719 0.674 

P5 0.839 0.903 0.116  Normal L-shaped  0.656 0.769 0.700 0.582 

P6 0.423 0.903 0.003  Normal L-shaped  0.738 0.772 0.714 0.662 

P7 0.577 0.862 0.042  Normal L-shaped  0.467 0.773 0.713 0.666 

P8 0.500 0.903 0.042  Normal L-shaped  0.682 0.773 0.716 0.662 

P9 0.722 0.884 0.042  Normal L-shaped  0.524 0.773 0.704 0.580 

P10 0.652 0.947 0.053  Normal L-shaped  0.686 0.773 0.718 0.677 

P11 0.688 0.935 0.116  Normal L-shaped  0.493 0.773 0.710 0.671 

P12 0.862 0.998* 0.005  Normal L-shaped  0.534 0.772 0.704 0.599 

P13 0.216 0.313 0.003  Normal L-shaped  0.636 0.772 0.704 0.601 

P14 0.784 0.947 0.001  Normal L-shaped  0.606 0.772 0.718 0.685 

P15 0.903 0.991* 0.016  Normal L-shaped  0.542 0.773 0.723 0.717 

           

* Significant p-values were obtained for heterozygote deficiency (p < 0.05); 

 

 

 No evidence of bottlenecks was found using the two-phase model (TPM) or the 

stepwise mutation model (SMM), although significant values for heterozygote deficiency 

were obtained for one population (P1) using TPM, and three populations (P2, P12, P15) using 

SMM (Table 2.3). The mode-shift test did not support any historical bottleneck event (Table 

2.3). The third approach, based on an M-ratio test, was the most consistent, indicating 
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probable population contractions (values of M<Mc) in all sites when pre-bottleneck Ne values 

of 50 and 500 were tested (Table 2.3). For higher Ne values (5000) the results did not support 

a recent bottleneck event in six populations (P4-P6, P8, P10 and P13) (Table 2.3). The test for 

migration-drift equilibrium implemented in the 2mod indicated that all Iberian chough 

populations are in migration-drift equilibrium (100% supported).  

   

II.3.2. Genetic structure and coalescence analysis using mitochondrial markers 

 The partial sequences of the ND2 (680 bp) gene and D-loop (512 bp) region of the 

mitochondrial DNA were amplified in 577 chough samples (Table 2.1), allowing the 

identification of 37 haplotypes (Appendix IV). The haplotypes were defined by 26 

polymorphic sites, consisting of 19 parsimony informative sites, five singleton variable sites 

and two insertions/deletions (Appendix IV). Overall haplotype diversity was moderate (global 

Hd=0.589), but lower in population P1 (Hd=0.083) and absent in P3 and P5 (Appendix V). 

The average values for the number of nucleotide differences (K=1.498) and nucleotide 

diversity (π=0.0014) were small (Appendix V). The statistical parsimony network of the 37 

haplotypes reveals the six most frequent haplotypes (H1 – 30.7%, H2 – 22.9%, H8 – 4.7%, 

H9 – 5.9%, H12 – 12.5%, H13 – 8%) (Figure 2.2). The network depicts the relationship 

amongst all sampled mitochondrial haplotypes (Figure 2.2). The two highest-frequency 

haplotypes (H1 and H2) were shared by most populations and formed starlike phylogenies in 

the haplotype network (Figure 2.2), thus representing shared ancestral polymorphism. 

Haplotype H12 is restricted to central Spain and Portugal, and haplotype H13 is restricted to 

central Iberia (Figure 2.2). Genetic structure among populations based on mtDNA markers 

was generally consistent with the multilocus dataset, and revealed a similar pattern of 

differentiation at a larger temporal scale.  
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Figure 2.2- Geographical distribution (a) and median-joining network (b) of the concatenated mtDNA 

sequences. Pie charts in the map indicate the frequency of each haplotype, with colours corresponding to those in 

the haplotype network. The size of each pie chart is proportional to sample size (see Table 2.1). The network 

includes the 37 haplotypes identified, highlighting the six most common haplotypes with different colours; all 

haplotypes are separated by a single nucleotide change, and circle sizes are proportional to haplotype 

frequencies. 

 

 

II.3.3. Dispersal movements of marked individuals 

 Monitoring of spatial movements of individuals revealed a very high dispersal 

capacity of choughs among population nuclei (Figure 2.3).  
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´ 
Figure 2.3- Dispersal capacity of Iberian red-billed choughs. (a) Dispersal range of 12 chough population nuclei. 

Lines represent individual movements from population nuclei (indicated by different colours), to the 

resighting/recapture site. Each line represents single or multiple movements of the same or different individuals. 

Only movements longer than 50 km are shown. See Appendix VI for the exact location of individual records. (b) 

Examples of movements recorded for three individual choughs (numbers 1N4, H1L and 6FR) from three 

different population nuclei.   

 

 About nine thousand choughs were ringed in twelve population nuclei over the last 30 

years (Table 2.4), and regular monitoring of these individuals allowed the multiple re-sighting 

of many ringed individuals (Table 2.4). 

 

Table 2.4- Results of the mark-recapture and monitoring of 12 chough population nuclei in Iberian Peninsula.  

 
 Marked individuals Recaptured/resighted   

Location nestlings  full-growns  individuals records 
Nestlings 

recruited
b 

Monitoring 

period 

Porto de mós (L2) 29 0 3 7 - 2012-2015 

Barroso (L4) 3 0 3 3 - 2012-2014 

Los Monegros (L11) 3322 3133 1715 4242 93 1985-2016 

Teruel (L12) 21 45 27 30 - 2011-2015 

Murcia (L14) 9 1 1 2 - 2014-2015 

Granada (L15) 19 0 3 4 - 2014-2015 

Ciudad Real (L17) 100 16 39 98 - 2011-2015 

Azálvaro (L22) 326 49 143 799 6 1993-2016 

Segovia (L23) 154 1 76 480 2 2011-2016 

Madrid (L24 and L25) 915 602 734 5269 23 1988-2016 

Navarra
a
 127 117 9 55 - 2014-2016 

TOTAL 5025 3964 2753 10253 124 1985-2016 
a 
Population recently monitored not included in the genetic analysis. 

b 
Nesting recruited as breeders in their natal areas; no individual was found recruited outside natal areas. 

 

 Choughs were frequently recorded outside their natal areas, performing long-distance 

movements of up to several hundred kilometres (Figure 2.3 and Appendix VI). Individuals 
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from different regions form mixed feeding flocks on variable foraging substrates in 

agricultural and pasture land, and congregate in communal roost, during variable time periods 

throughout the year (authors’ unpubl. data). Even in populations where sampling effort was 

relatively low (Table 2.4), we were able to detect both short and long distance movements 

(Figure 2.3 and Appendix VI). Breeding recruitment events of individuals banded as nestlings 

were rare, but all of them (n =124) occurred in their natal population nuclei (Table 2.4). 

 

II.3.4. Drivers of population genetic structure 

 The correlation between geographical distances and genetic differentiation (FST) 

measures was weak (r=0.266, P=0.045), and the RMA regression line for FST explained only 

6.81% of the variation (Figure 2.4).  

 

 
 
Figure 2.4- Graphical representation of isolation by distance (IBD) results comparing the FST/(1-FST) versus the 

natural log of geographical distance among chough populations.   

 

 

When the peripheral highly differentiated and isolated populations P1 and P2 (Figure 2.1) 

were excluded from the analysis, no significant correlations were found between geographical 

distance and FST (r=0.207, P=0.117). No significant correlation was found between habitat 

types and FST (r=0.018, P=0.373), or between nest sites and FST (r=0.069, P=0.344).   
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II.4. Discussion  

 

 Our molecular data revealed marked genetic structure and highly restricted gene flow 

among Iberian populations of red-billed choughs despite evidence of high dispersal capacity. 

These results are striking given the absence of major geographic barriers and the lack of 

correlation between genetic differentiation and geographic distances, and suggest that gene 

flow is not influenced by the drivers typically acting in wild animal populations.  

 Genetic structure consisted of at least seven major genetic clusters clearly supported 

by three different Bayesian clustering approaches. The most geographically isolated 

populations were in general clearly differentiated from the remaining nuclei, as expected from 

their small population size (Farinha 1991; Blanco 2004). Thus, they exhibit high susceptibility 

to factors like genetic drift, inbreeding, demographic stochasticity and/or reduced gene flow 

(Fischer and Lindenmayer 2007). In spite of our extensive but still partial sampling of the 

extant population nuclei found across the Iberian Peninsula, the analysis of genetic structure 

identified as many as 15 different genetic units in an area under 580,000 km
2
, revealing an 

unusual degree of genetic differentiation at local and regional scales. Even though choughs 

are frequently described as sedentary and engaging in mostly local, altitudinal, and 

occasionally long-distance movements (Bullock et al. 1983; Cramp 1988; Moore 2006), our 

long-term field study clearly shows that long distance movements are frequent, and that 

individuals from different nuclei often shared common foraging areas and roosting sites 

across Iberia. The strong genetic structure is not consistent with the long-distance movements 

and population connectivity observed. The correlation between geographic distance and 

genetic differentiation was weak when all Iberian populations were considered, and non-

existent after excluding the two most peripheral and isolated populations from Portugal. 

Geographical barriers and landscape/ecological features can be major barriers to gene flow 

between populations (Storfer et al. 2007; Sexton et al. 2014). However, these constraints 

seemed to be negligible for choughs considering their high dispersal capacity, and long-

movement frequency and distance throughout Iberia during the last 30 years. To the best of 

our knowledge, cases of such extreme genetic structure in the absence of geographic or 

ecological barriers have not been previously reported in birds.  

 The most peripheral and isolated population nuclei showed reduced genetic diversity, 

as expected (Frankham 1996; Willi et al. 2007), yet most Iberian populations show high 

levels of genetic diversity. This suggests that the differentiation and structure patterns 
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between population nuclei were caused by restricted gene flow among populations, and not by 

demographic events such as population bottlenecks. This is in sharp contrast with the low 

diversity reported for chough populations in the British Isles, which are the result of 

postglacial colonization from southern latitudes accentuated by the isolation of small 

populations (Wenzel et al. 2012). The recent coalescence of Iberian haplotypes and the 

widespread distribution of ancestral haplotypes, indicates a young postglacial origin for the 

current genetic variation, coinciding with the concomitant role of the Iberian Peninsula as a 

major refugium for Palearctic vertebrates (Gómez and Lunt 2007; Ferrero et al. 2011; Abellán 

and Svenning 2014).  

 The extreme level of genetic structure in the red-billed chough suggests a strongly 

structured social organization with different social and behavioural identities. The most 

similar case of genetic differentiation was reported for humans (Rosenberg et al. 2002; 

Tishkoff et al. 2009), and was attributed to socio-cultural factors (Ségurel et al. 2008; 

Tishkoff et al. 2009; Ross et al. 2013). Socio-cultural features in non-human animal species 

are more difficult to document, but there is evidence that the influence of cultural inheritance 

on gene flow between primates and cetacean populations can lead to marked population 

differentiation and complex patterns of genetic structure (Kopp et al. 2014; Kopps et al. 2014; 

Foote et al. 2016). Geographical and ecological barriers to dispersal capacity, such as rivers, 

mountains and anthropogenic habitat fragmentation for primates, or continental masses for 

cetaceans, can influence gene flow and genetic differentiation patterns between populations. 

However, in most cases, the complex genetic structure cannot be explained simply by 

geographical barriers (reviewed in Andrews 2014).  

 Corvids are known for their high cognitive capacity and several studies on social 

learning have been conducted (Clayton and Emery 2007). Previous studies have reported a 

likely association of tool use in Caledonian Crows (Corvus moneduloides) with fine-scale 

genetic structure across a few kilometres (Abdelkrim et al. 2012; Rutz et al. 2012). Choughs 

also show remarkably complex social and familiar interactions (Bignal et al. 1997; Blanco 

and Tella 1999), including a versatile repertoire of foraging habits, requiring learning from 

conspecifics and synchronization of vigilance behaviour (Bignal et al. 1997; Rolando et al. 

2001); variable nesting systems and communal roosting patterns involving complex 

hierarchical interactions among group members (Still et al. 1987; Blanco et al. 1997; Blanco 

and Tella 1999); high mate and nest-site fidelity (Banda and Blanco, 2014); and complex 
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social vocalizations (Laiolo et al. 2000, 2001), all of which may potentially influence genetic 

differentiation of the different population nuclei by cultural evolution.  

 Dispersal patterns of highly social species are frequently influenced by socio-cultural 

features (Andrews 2014). Restricted dispersal due to social barriers has been reported to 

influence fine-scale spatial genetic structure in the unrelated white-winged chough, Corcorax 

melanorhamphos (Beck et al. 2008). In contrast, while Iberian red-billed choughs show high 

dispersal capacity, recruitment appears to happen only at natal areas. This level of strict natal 

philopatry can contribute to genetic differentiation (Nyholm 1986; Weatherhead and Forbes 

1994), but it fails to explain the lack of isolation by distance. Genetic structure at large scales 

in bird species with moderate-to-high dispersal capacity is often significantly associated with 

a pattern of isolation by distance (Agudo et al. 2011; Mira et al. 2013; Graciá et al. 2015; 

Pellegrino et al. 2015), and a lack of isolation by distance is generally due to highly 

fragmented and isolated populations (Agudo et al. 2011). The extreme level of genetic 

structure of Iberian choughs is unlike any case reported for birds that are unconstrained by 

geographical or ecological barriers at regional scales. Natal-range philopatry or philopatry to 

particular habitat types and/or social structure features, such as strong group stability and sex-

biased dispersal, can explain the pronounced genetic structure observed in several species 

(Andrews 2014). Furthermore, cultural factors like ethnolinguistic boundaries and traditional 

social practises are also important factors regulating gene flow in human populations 

(Tishkoff et al. 2009; Ross et al. 2013). There is also increasing evidence that a combination 

of genetically and culturally inherited evolutionary changes can drive genetic differentiation 

in wild species with pronounced social features (Langergraber et al. 2011; Rutz et al. 2012; 

Kopps et al. 2014; Foote et al. 2016). In light of this evidence, we propose a mechanism of 

“isolation by social barriers” to explain evolutionary divergence, partly induced by non-

random patterns of pairing and recruitment, deserving a future research. 
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Chapter III 
 

 
A spatially-explicit dynamic modelling framework to assess 

habitat suitability for endangered species: the case of Red-

billed Chough (Pyrrhocorax pyrrhocorax) under land use 

change scenarios in Portugal 

 

 
Habitat loss and degradation are frequently associated with negative effects on biodiversity in 

natural and semi-natural landscapes. Innovative spatio-temporal modelling tools may be 

valuable for conservation purposes, namely to support the design and optimization of 

management strategies for endangered species in a context of changes in land use and land 

cover (LULC). The Red-billed Chough (Pyrrhocorax pyrrhocorax) is a vulnerable corvid that 

exhibits high levels of population fragmentation and decline trends, due to its dependence on 

open habitats shaped by traditional agriculture and pastoralism, which are changing mainly 

by LULC abandonment. Here, we apply a spatially-explicit framework based on the stochastic 

dynamic methodology (StDM) principles to capture the trends of relevant population foraging 

ground attributes, assumed as proxies of the habitat suitability for two endangered Portuguese 

chough populations. Spatially-explicit modelling simulations were produced in order to 

capture the densities and distribution dynamic patterns of foraging flocking choughs in 

response to the complexity of some realistic abandonment LULC change scenarios expected to 

occur in the near future. The model outputs reflect the seasonal patterns of flocking foraging 

choughs densities and suggest that habitat management effort of 75%, in terms of traditional 

agriculture and pastoralism maintenance, is mandatory to reverse habitat suitability losses at 

local level, evidencing the high vulnerability of this species in their last refuges in Portugal. 

This integrative modelling approach represents a step forward in evaluating the consequences 

of LULC changes on the habitat suitability of vulnerable/endangered birds, which can be used 

in the future to guide effective conservation planning in the scope of habitat suitability 

management.   

 

 

Morinha F., Bastos R., Carvalho D., Travassos P., Santos M., Blanco G., Bastos E., Cabral J.A. A spatially-explicit dynamic modelling 

framework to assess habitat suitability for endangered species: the case of Red-billed Chough (Pyrrhocorax pyrrhocorax) under land use 

change scenarios in Portugal. Biological Conservation (submitted) 
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III.1. Introduction  

 

 Anthropogenic habitat loss and fragmentation are major drivers of biodiversity loss 

worldwide (Fahrig 2003, Fischer and Lindenmayer 2007). The local, regional and global 

impacts of widespread landscape changes are well documented for several vertebrate species 

(e.g. Smith et al. 2011, Harrisson et al. 2012, Reino et al. 2013). Stochastic phenomena that 

occur in natural systems (e.g. fire, flooding, landslides, windfall) can be responsible for 

additional severe landscape changes (Fischer and Lindenmayer 2007). Anthropogenic impacts 

are often large scale and persistent, especially for habitat degradation and fragmentation 

related with the expansion and intensification of human land uses (Newbold et al. 2015). 

Habitat loss and degradation, and their consequences on population traits and processes such 

as foraging requirements, behavioural patterns, dispersal connectivity, breeding success and 

gene flow may increase local or regional extinction probabilities (Bélisle et al. 2001, Olsson 

et al. 2002, Evans 2004, Hinam and Clair 2008). Land use and land cover (LULC) changes 

have been also associated with habitat suitability and carrying capacity (Gaston et al. 2003) 

with particular importance for endangered species management, which can be estimated based 

on different ecological attributes, including population densities of foraging individuals 

recorded in gradients of changing habitats (Smallwood 1995, Morris and Mukherjee 2007). 

The impact of landscape changes can be particularly severe for small and isolated populations 

with specific foraging habitat requirements (Stratford and Stouffer 1999). Therefore, the 

development of innovative modelling approaches to estimate proxies of population habitat 

suitability under LULC changing scenarios can provide powerful tools to help adaptive 

decision-making on conservation and management of threatened populations (Bastos et al. 

2012).  

 The anticipation of how anthropogenic environmental changes will affect threatened 

species and the composition of biotic communities as a whole is a major challenge for 

ecological integrity assessments (Andreasen et al. 2001, Wurtzebach and Schultz 2016). 

Dynamic models that simultaneously attempt to capture the habitat structure and composition 

in systems affected by long-term environmental disturbances are essential for ecological 

studies, by allowing the simulation of changing conditions generally affecting natural systems 

(Jørgensen 2011). Furthermore, the recent model-based research achievements for 

conservationist purposes can contribute with promising tools to improve the projection of 

relevant spatiotemporal patterns of ecological responses under realistic multi-scale changing 
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scenarios (e.g. Bastos et al. 2012, Bastos et al. 2016a, 2016b). Therefore, ecological 

modelling has been gradually considered as part of research and conservationist agendas, 

supporting the design of optimized and cost-efficient management strategies and measures 

(Santos et al. 2013). In this perspective, the stochastic dynamic methodology (StDM) has 

been developed as a modelling protocol from which management strategies can be designed 

and tested (Cabral et al. 2007). 

Since many of the ecosystem phenomena are holistic, the StDM main vocation is to provide a 

mechanistic understanding of the ecological cause-effect relationships, based on the premise 

that emergent patterns of ecosystem phenomena can represent indicia of complex ecological 

processes that do indeed reflect the operation of universal law-like mechanisms (Cabral et al. 

2008). The StDM protocol is a sequential methodological process, combining conventional 

dynamic modelling and statistical procedures, to attempt to predict the ecological status of 

altered ecosystems by taking into account stochastic phenomena that characterize the real 

ecological processes (Santos et al. 2013). Recently, the StDM has been combined with 

Geographic Information Systems (GIS) in a common spatially-explicit framework, providing 

a powerful tool to link fine-scale local dynamic simulations to coarse-scale regional spatial 

projections (Bastos et al. 2012).  The StDM has been successfully applied, tested and 

validated in several conservationist contexts (Santos et al. 2013), where bird species stand out 

as relevant ecological indicators for ecosystem integrity assessments and community studies 

(e.g. Santos and Cabral 2004, Cabral et al. 2007, Bastos et al. 2012, Bastos et al. 2016a, 

2016c; Santos et al. 2016). 

 The Red-billed Chough (Pyrrhocorax pyrrhocorax) is a corvid species that exhibiting 

notable decline trends as a consequence of habitat degradation and/or human direct 

disturbance (Blanco et al. 1997, Kerbiriou et al. 2006, De Sanctis et al. 2013, Jiménez et al. 

2013. Choughs have been highlighted as biological indicator of natural environmental 

conditions compatible with soil health, allowing traditional pastoralism in inland mountain 

areas, arid pseudo-steppes and coastal scrublands (Bignal et al. 1997, Blanco et al. 1997, 

2004). The Iberian Peninsula still maintain environmental conditions allowing chough 

population occurrence in many regions, albeit with high levels of population fragmentation 

partially promoted by anthropogenic environmental degradation with poorly understood 

consequences on population viability (Blanco 2004, Cuevas and Blanco 2015). The 

Portuguese chough populations are confined to few and highly isolated regions, while Spanish 

populations show an apparent more continuous range (Morinha et al. 2016 submitted 



Chapter III - Modelling land use changes on chough populations 
 

 
35 

 

manuscript). Small and isolated populations are especially vulnerable to the potential impacts 

resulting from the ongoing LULC changes in their distribution range, which have been shaped 

in the last decades either by a marked rural abandonment or new types of intensive 

agricultural and agroforestry practices (Blanco et al. 1997, 1998, Morinha et al. 2016 

submitted manuscript). In this context, the development of powerful predictive tools to 

support conservationist decision-making in terms of cost, feasibility of application and speed 

of reliable assessment results, is crucial to identify and define the best conservation and 

management strategies (de Groot et al. 2010). 

The main objective of the present study was to demonstrate the applicability of a spatially-

explicit StDM framework to capture the trends of relevant ecological foraging attributes, 

assumed as proxies of habitat suitability for endangered species in changing landscapes. This 

potential was tested by applications of the proposed methodological principles to the 

conservation of choughs in two of their main population nuclei in Portugal. The habitat 

suitability was expressed by the density and distribution trends of foraging flocking 

individuals in response to the complexity of some ecological consequences resulting from the 

LULC changes expected to occur in the near future. Abandonment of rural areas characterized 

by low-intensity farming systems is the main factor associated with fragmentation trends and 

decline of Portuguese chough populations (Farinha and Teixeira 1989, Farinha 1991). 

Therefore, our approach was developed to predict the main consequences of the ongoing 

abandonment of agricultural and pastoral lands in the study areas, as well as to test realistic 

management scenarios for the changing chough habitats. We also focused in the outcomes of 

spatially dynamic simulations, including the seasonal assessments of habitat suitability, in 

order to illustrate the added value of this integrative tool to improve forthcoming management 

decisions and conservation actions for the last two isolated chough populations in Portugal. In 

support of technical and administrative decisions, this kind of models can be very useful to 

anticipate and to prioritize restoration efforts that maximize specific conservation goals, by 

predicting the effects of hypothetical management actions over spatial and temporal scales 

that otherwise are impossible to implement in the field (Holl et al. 2003). 
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III.2. Materials and methods 

 

III.2.1. Study areas  

 The study areas (Figure 3.1) maintain different suitable ecological requirements for the 

choughs and represent the last refuges for the species in Portugal (Morinha et al. 2016 

submitted manuscript).  

 

 

Figure 3.1- Location of the study areas in Portugal: Porto de Mós, Leiria (Case 1) and Vila do Bispo, Faro (Case 

2). The main land cover for each region is shown. In the Iberian Peninsula context, the distribution patterns of 

choughs occurrence are presented using blue (Portugal) and red (Spain) squares. 

 

 Porto de Mós (Leiria county) study area (hereafter designated Case 1) is located in the 

Central region of Portugal, which includes mountain habitats of the “Serras de Aire e 

Candeeiros” Natural Park (29S 519129E 4378283N), with a maximum population size of 135 

choughs recorded through the present study. This region is localized in a Mesozoic limestone 

massif, being considered the most important limestone area of Portugal, and it is characterized 

by the presence of hundreds of natural geological structures, like grottos, caves and sinkholes 

(ICN 2004, Costa et al. 2010). The area has a mild weather typical of the transition zone 

between Atlantic and Mediterranean biogeographic regions (ICN 2004). Landscape is 



Chapter III - Modelling land use changes on chough populations 
 

 
37 

 

characterized by a mountainous relief with altitudes between 200 and 500 m, with a 

maximum altitude of 679 m. The LULC is mostly represented by pastures, natural grassland 

and sclerophyllous vegetation, although permanent crops, heterogeneous agricultural areas, 

transitional woodland-shrub areas and forests are also well represented (Figure 3.1). The 

second study area (hereafter designated Case 2) is located in the Southwest coast (Vila do 

Bispo, Sagres county), with a population of 145 individuals, the maximum value recorded in 

the study period. This area integrated in the “Sudoeste Alentejano e Costa Vicentina” Natural 

Park (29S 507895E 4104120N), is mainly composed by hard calcareous dolomitic rocks 

eroded into a karst-like plateau that ends abruptly in high sea cliffs (Farinha 1989). Maximum 

altitude of the area is 156 m. The coastline is irregular with cliffs interrupted by small beachs. 

The weather is typically weat mesothermic with narrow temperature ranges and weak annual 

precipitation. Winds generally blow more strongly during the summer months (Farinha 1989). 

The LULC predominantly include non irrigable arable land (farmland) and natural grassland 

with low shurbs (Figure 3.1). Coastal sites are characterized by rupiculous vegetation near the 

cleaf-tops followed by sclerophyllous scrub in sandy soils or near dune systems. The 

dominant landscape can be described as a mixture of dwarf shrubs with crops, cerealls and 

fallows (Farinha 1989). Forestry represents only a very small fraction of the LULC in this 

region (Figure 3.1).  

 

III.2.2. Framework  

 The proposed StDM framework includes an ecological modelling protocol initiated by 

the analysis of landscape and habitat structure at coarse-scale spatial resolution, which defines 

the appropriate environmental descriptors to predict the fine-scale habitat suitability for 

choughs. This procedure involves the combination of a system dynamics approach with 

geostatistical interpolations implemented in a geographic information system (GIS) platform, 

to predict and project the trends of chough habitat suitability in space and time, expressed by 

the densities and distribution patterns of foraging flocking birds at regional level (Figure 3.2).  
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Figure 3.2- The spatially explicit StDM framework for the number of flocking choughs spatiotemporal 

simulations: (a) Data from the field monitoring and sampling procedures in the foraging areas; (b) Analysis of 

landscape and characterization of the main land uses in each study unit; (c) Statistical analysis to define the 

appropriate parameters that contextualize the physical and habitat descriptors at the study unit level; (d) 

Construction of the structural dynamic model and chough foraging density simulations at the study unit level; (e) 

Habitat suitability projection into a geographic plane followed by a geostatistical interpolation that create an 

interactive and integrative representation, in space and time, at the regional level. 

 

III.2.2.1. Sampling field procedures  

 The two populations of chough were seasonally monitored (Figure 3.2a), with a 

quarterly periodicity (i.e., one campaign for each main annual season: Winter, Spring, 

Summer and Autumn), involving two observers and three days of field work, between July 

2012 and September 2013. For each campaign, the flocking birds were followed by tracking 

the movements of different flocks from the communal roosts during the entire daily cycle in 

order to identify the main foraging habitats for the species. The sampling effort per campaign 

was determined by the number of foraging sites used by choughs, in which the flock size and 

the main habitat characteristics were recorded. Flocks were followed during a total of 89 

hours for Case 1 (Winter - 25 h; Spring - 25 h; Summer - 21 h; and Autumn - 18 h) and 113 

hours for Case 2 (Winter - 23 h; Spring - 37 h; Summer - 35 h; and Autumn - 18 h). Overall, 

data from a total of 72 foraging sites in Case 1 (Winter - 20 sites; Spring - 19 sites; Summer - 

19 sites; and Autumn - 14 sites) and 94 foraging sites in Case 2 (Winter - 22 sites; Spring - 36 
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sites; Summer - 22 sites; and Autumn - 14 sites)  were recorded through the four annual 

seasons.  

 

III.2.2.2. LULC classes and other environmental variables 

 A grid of 1 km
2
 UTM cells was selected in order to determine the proportions of 

LULC classes with potential influence on chough distribution and foraging densities and as 

background for spatial projections of habitat suitability (Figure 3.2b). According to expert 

knowledge, scientific literature and available field data, these variables were assumed as 

determinants of the chough foraging habitat suitability (Table 3.1).  

 

Table 3.1- Specification of all variables considered in this study and respective model codes. 

Variables  Units  Model codes  

Land use classes    

Pastures
a
 

Proportion of land use 

pastures 

Non-irrigated arable land n irr arab land 

Natural grasslands nat grass 

Heterogeneous agricultural areas het agric areas 

Permanent crops perm crops 

Sclerophyllous vegetation sclero veget 

Transitional woodland-shrub trans wood shrub 

Forests forests 

Other environmental variables   

Ferric luvisols
a
 

Proportion of area 
ferric luvisols 

Calcic luvisols
a
 calcic luvisols  

Photoperiod Hours of light (h) photoperiod 

Roost distance Metres (m) roost dist 

Response variable    

Density of flocking choughs  Number of birds per km
2
 nr individuals  

a
used only for Case 2 

 

 LULC data were extracted from layers of Corine Land Cover 2006 (reference scale 

1:100000) and the respective classes were characterized accordingly. The field data recorded 

in both study areas represent only the favourable conditions selected by foraging flocking 

choughs, quantified as the proportion of the total LULC by using circular buffers with a 

radius of 500 m centred in each foraging site (study unit). Therefore, in order to encompass 

the main gradients of LULC combinations present in the study areas, an equivalent number of 



Chapter III - Modelling land use changes on chough populations 
 

 
40 

 

points (i.e., 72 for Case 1 and 94 for Case 2) was randomly generated using ArcGIS tools 

(Jenness 2001) for areas where the foraging flocking choughs were never been recorded 

during the sampling campaigns in each season. In these additional areas the respective buffers 

were characterized with the same criteria used for foraging sites. These points without 

foraging choughs were selected taking into account the population seasonal distribution 

patterns, considering that the respective circular buffers do not overlap with areas connected 

to recurrent chough foraging sites. Other parameters related to environmental variables 

(photoperiod, roost distance and soil types) that can influence the chough foraging activity 

patterns were also considered (Table 3.1). Since choughs primarily feeds on hypogeal 

invertebrates (Sánchez-Alonso et al. 1996), which communities can differ substantially 

among different soil types (Jeffery et al. 2010), we include this characterization using as 

reference the soil type cartography of Portugal (Instituto do Ambiente 2003). Photoperiod is a 

parameter that influences the seasonal patterns of time and energy allocation to foraging 

activities (Seibert 1949) and the distance from roost to suitable foraging areas can influence 

the seasonal foraging densities and distribution patterns, mostly during the breeding season 

(Bignal et al. 1996).  

 

III.2.2.3. Statistical analysis  

 The StDM model construction was preceded by a statistical procedure, for parameter 

estimation, to test for relationships between dependent and independent variables (Santos and 

Cabral 2004, Bastos et al. 2012) (Figure 3.2c). The dependent variable corresponds to the 

number of foraging flocking choughs, expressed in bird numbers per km
2
 or densities. The 

independent variables are expressed in the proportion of area occupied by each habitat class 

or by the adequate universal units in the case of other environmental parameters (Table 3.1). 

In order to avoid high multicollinearity, the independent variables for the number of flocking 

choughs were selected after a pairwise correlation analysis using Spearman’s rho correlation 

coefficient and only predictors with correlation lower than 0.7 (Elith et al. 2006, Wisz and 

Guisan 2009) and Generalized Variance Inflation Factor lower than 5 were considered (Neter 

et al. 1996). Generalized linear models (GzLMs) were run (with a Gaussian distribution and 

an identity link function) considering all (valid) combinations of explanatory variables for the 

chough foraging densities (Burnham and Anderson 2002). The best model was selected 

among candidate models according to the lower value of the Akaike Information Criterion 

(AIC, Hurvich and Tsai 1989) and incorporated into the StDM model construction. All the 
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statistical analysis was carried out using Genstat statistical software (version 13.0, VSN 

International). 

 

III.2.2.4. Dynamic model conceptualization and implementation  

 The significant partial regression coefficients of the GLM best models were assumed 

to be relevant holistic ecological parameters. These coefficients reflect the overall influence of 

the environmental variables selected that are of ecological importance to explain the potential 

for chough foraging flocks in each sampling unit, including those from the additional points 

selected as non-foraging sites. The basic principle of StDM models is given by the balance 

between gains and losses of response variables, described by difference equations under the 

influence of dynamic environmental variables, which are mediated by the respective partial 

regression coefficients (Santos and Cabral 2004). These led the interface between the dynamic 

model construction and the final StDM outputs (Figure 3.2d). In this study, the StDM output 

was represented by the densities of foraging flocking choughs, intricately linked by its 

dependence on the selected habitat/environmental dynamics (Figure 3.2). In order to recreate 

changes in the prevalent habitat areas for each study unit, several state variables were used to 

reproduce the succession and transition processes of the representative LULC dynamics 

considered in the StDM model (Figure 3.3). 

 

Figure 3.3- Conceptual diagram of the StDM dynamic models developed to estimate the habitat suitability for 

Red-billed Chough (density of foraging flocking choughs). The arrows indicate the interdependence direction of 

the main relationships between the environmental variables (left circles), LULC dynamics (rectangles), 

stochastic events (right circle) and the response variable (hexagon). Please see Appendices A-E for a detailed 

description of mathematical equations and full explanation of processes and parameters including abandonment 

and management options.  
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 Since fires are typical and recurrent events that can markedly shape the vegetation 

structure and composition, they were included in the dynamic model as stochastic 

phenomena, mediated by parameters that reproduce the fire proneness of each considered 

LULC habitats (Figure 3.3) (San-Miguel-Ayanz et al. 2012). The post-fire succession was 

included in the land cover dynamics by using temporal rates that reproduce the number of 

years needed by each land cover class to reach the respective dominance. For example, burnt 

areas were recreated to transit into natural grassland after 2.6 years from the fire event 

(Rodrigues et al. 2014). Furthermore, after the calibration procedures, the average number of 

fires per km
2
, obtained per study unit from 100 independent stochastic simulations in 20 years 

of simulation, was considered a reliable reproduction of the regional historical trends of fire 

events with an average value (± standard deviation) of 4.00±0.20 fires per km
2
 for Case 1 

(4.42±2.13 from the simulations) and 1.01±0.05 fires per km
2
 for Case 2 (1.14±1.06 from the 

simulations) (INE 2014). Finally, management actions were included into the model in order 

to simulate possible conservationist management scenarios of land uses. Therefore, the model 

is prepared to incorporate different options of LULC management, such as periodicity and/or 

intensity.  

 The overall structural-dynamic variables, combined with environmental constants 

regarding the positional characteristics of each study unit, allowed the simulation of the 

LULC trends of change and the consequences on the chough habitat suitability within the 

study areas (Figure 3.2d). The time unit chosen was the month and the simulation period was 

established for 20 years. This period was considered suitable to capture the main LULC 

ongoing changes in the study area, namely those induced by the landscape and fire dynamics, 

as well as by the possible long term environmental management actions to mitigate the 

chough decline in these contexts. For the development of the StDM model the software 

STELLA 9.0.3 was used. The original conceptual diagram of the overall sub-models and full 

explanation of processes, parameters and equations included in the model construction are 

available in the supplementary materials (Appendices VII-XI). 

 

III.2.2.5. Spatial dynamic projections 

 The dynamic trends of the foraging flocking chough densities were initially simulated 

for each 1 km
2
 UTM cell of the spatial grid selected (Figure 3.2b). To generate spatial 

dynamic projections of the overall study area, every UTM cell was characterized according to 

the known initial LULC classes and the resultant proportion of areas were included into the 



Chapter III - Modelling land use changes on chough populations 
 

 
43 

 

respective model state variables in order to estimate their local habitat suitability. Although 

the selected spatial grid capture the main combinations of the principal habitats that 

characterize the study areas, each output only represents a discrete contribution for the global 

pattern of the flocking chough densities (Figure 3.2d). Since the dynamic model simulations 

are influenced by stochastic factors, mainly associated with fire events, 100 independent 

simulations per UTM cell were carried out in order to capture the average local trends of the 

chough foraging abundances. Thereafter, an ordinary kriging interpolation was selected to 

create spatial dynamic projections of chough foraging responses to the overall study areas, 

taking into consideration the type of data that resulted from the average simulations 

considered per UTM cell (i.e., with continuous, non-discrete distribution and the absence of 

normally distributed data) (Walker and Shiels 2008). Additional UTM cells, located at the 

external borders of the study area, were also selected for interpolation purposes in order to 

incorporate patterns of interaction across the borders of the bounded region, thus overcoming 

edge effect in the study area interpolation domain (Sherman 2011). For demonstration 

purposes, the integration and interpretation of the consequent spatial regional trends, at the 

study area level, were carried out for three time frames: the first year (year 1), the 10
th

 year 

(year 10) and the 20
th

 year (year 20) of the simulation period. For every scenario and time 

frame selected, the quality of these projections was verified by the inspection of the 

semivariogram performance, including a sensitivity analysis of the most relevant model 

parameters (i.e. nugget, partial sill, lag size and anisotropy) (Dormann 2011). Additionally, 

we tested the fitting of the interpolated results (in relation to the modelled data) by cross 

validating the predictions of the spatial model with the results from the StDM simulations for 

each UTM cell (Bastos et al. 2012). The calculation of the chough foraging densities was 

based on the average abundances estimated per km
2
 (Figure 3.2e). We used the spatial 

projections obtained for the years 10 and 20 to demonstrate the extent and the pattern of 

changes expected in the potential chough foraging densities as a proxy of habitat suitability, 

taking into account as reference the initial projection (year 1) for each study area (Figure 

3.2e).  

 

III.2.3. Scenarios of LULC changes 

 Three demonstrative realistic scenarios were considered for the study areas throughout 

the entire simulation period: (1) only with natural LULC stochastic changes (i.e., mainly 

induced by fire events and post-fire ecological successions without rural abandonment and/or 
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management actions); (2) LULC changes due to abandonment of traditional practises (i.e., 

marked by rural abandonment, natural reforestation and fire events); and (3) management of 

relevant LULC areas for choughs conservation (i.e., promoting the maintenance of traditional 

practices in the generalized abandonment context of scenario 2). For the management 

scenarios the most relevant LULC for choughs were considered in both case studies as 

potential areas for conservation actions, namely permanent crops for Case 1 and non-irrigated 

arable land for Case 2. The UTM cells selected for management simulations coincide with 

areas characterized by LULC with conservationist priority for choughs and the highest 

average densities of foraging flocking birds estimated at the first year of simulation. To get a 

realistic representation of possible future management scenarios, with logistically viable 

efforts in the chough conservation, a total of eight UTM cells were selected to simulate its 

effects on foraging habitat suitability by preserving 25%, 50%, 75% or 100% of the most 

relevant LULC (for comparison purposes the implementation of management actions starts 

either at year 1 or 5 of the simulation period). The main objective of the management scenario 

was to evaluate the viability of the management effort required to preserve a suitable foraging 

habitat in order to mitigate the choughs decline at these areas.  

 

 

 

III.3. Results  

 

III.3.1. Statistical analysis for StDM simulations 

 After the best model selection, the chough foraging habitat suitability (expressed by 

the potential number of flocking choughs per km
2
) in the Case 1 was positively related with 

non-irrigated arable land, permanent crops and heterogeneous agricultural areas, and was 

negatively related with sclerophyllous vegetation, photoperiod and roost distance (Table 3.2). 

Regarding the Case 2, the chough foraging habitat suitability was positively associated with 

non-irrigated arable land, heterogeneous agricultural areas, calcic luvisols and ferric luvisols, 

and negatively with photoperiod and roost distance (Table 3.2). 
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Table 3.2- Coefficients of the selected GLM regression equations for the chough foraging densities: sample size 

(N); Akaike information criteria (AIC); adjusted coefficient of determination (R
2
); variance ratio (F) and 

significance level (***P < 0.001) for the best linear models. 

Equations  N AIC R
2
 F 

Foraging densities (Case 1) = 96.6+100.3(n_irr_arab_land)+ 

65.9(effective_perm_crops)+23(het_agric_areas)-37.5(sclero_veget)-

3.42(photoperiod)-0.006983(roost_dist) 

144 150.77 0.497 13.16*** 

     

Foraging densities (Case 2) = 

75.4+40.11(effective_n_irr_arab_land)+52.6(het_agric_areas)+ 

14.44(calcic_luvisols)+18.72 (ferric_luvisols)-5.55(photoperiod)-

0.001960(roost_dist) 

188 194.42 0.424 13.032*** 

 

 

 

 

 

III.3.2. Seasonal effects on number of flocking choughs 

 The global estimates throughout the simulation period revealed a clear seasonal 

pattern of flocking foraging choughs densities in both case studies (Figure 3.4a,b and 3.5).  
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Figure 3.4- Model dynamic simulation results for the average global trends of Red-billed Chough habitat 

suitability (expressed by the potential number of foraging birds per km
2
) in Porto de Mós (a) and Vila do Bispo 

(b) throughout a period of 20 years. Trends in the densities of foraging flocking choughs are presented in both 

case studies for the scenario influenced only by fire events and natural land cover successions (scenario 1) and 

the scenario marked by the generalized abandonment of specific rural land uses (scenario 2).  

 

 

 Independently of the scenario considered, potential high densities of foraging birds in 

favourable areas are expected in autumn and winter (Figure 3.5) with an obvious seasonal 

spatial variation of the potential distribution and densities of flocking foraging choughs 

throughout the year (Figure 3.5). In both cases studies, the chough foraging densities exhibit, 

as proxies of habitat suitability, lower values per km
2
 in spring and summer, and higher 

values in autumn and winter (Figure 3.5).  
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Figure 3.5- Spatial representation of the seasonal habitat suitability expressed by chough foraging abundances in 

Porto de Mós (Case 1) and Vila do Bispo (Case 2) for the first year of simulation.  

 

 

III.3.3. Habitat suitability under different scenarios   

 In the scenario 1, where the LULC changes were induced only by natural phenomena, 

the chough habitat suitability seems to remain stable throughout the simulation period. In fact, 

the projected responses of the potential for flocking foraging choughs densities shown a 

similar pattern through the 20 years simulated in scenario 1 for both case studies (Figures 3.6, 

3.7 and Appendices XII-XIX).  
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Figure 3.6- Spatial representation of the Red-billed Chough foraging habitats suitability in Porto de Mós (Case 

1) for the Autumn, considering three time frames from the 20 years simulated under three different scenarios: 

only influenced by fire events and natural land cover successions without abandonment and/or management 

actions (scenario 1), marked by land cover changes after abandonment of permanent crops areas in all study 

units at first year of simulation (scenario 2), and promoting the maintenance of traditional practices through the 

management of 75% (beginning at the fifth year of the simulation period) of the eight most important study units 

for choughs (management areas are evidenced with squares) in a generalized abandonment context (scenario 3).    

 

 

 In scenario 2 is evident the detrimental effect of the rural abandonment in the habitat 

suitability for choughs with a striking generalized reduction of their potential foraging 

densities throughout the simulation period for both case studies (Figures 3.6, 3.7 and 

Appencices XII-XIX), although with more drastic consequences in Case 2 (Figures 3.7 and 

XVI-XIX).  
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Figure 3.7- Spatial representation of the Red-billed Chough foraging habitats suitability in Vila do Bispo (Case 

2) for the Autumn, considering three time frames from the 20 years simulated under three different scenarios: 

only influenced by fire events and natural land cover successions without abandonment and/or management 

actions (scenario 1), marked by land cover changes after abandonment of permanent crops areas in all study 

units at first year of simulation (scenario 2), and promoting the maintenance of traditional practices through the 

management of 75% (beginning at the fifth year of the simulation period) of the eight most important study units 

for choughs (management areas are evidenced with squares) in a generalized abandonment context (scenario 3).   

 

 The scenario 3 was implemented in order to evaluate the response of the potential 

flocking chough densities to local management actions in important habitat suitability areas 

for foraging activities (Figure 3.6 and 3.7). Spatial projections were obtained for different 

management intensities in promoting the maintenance of traditional practices by local farmers 

and pastoralists, namely 25% (scenario 3a), 50% (scenario 3b), 75% (scenario 3c) and 100% 

(scenario 3d) of the total agricultural and pasture areas (Appendices XII-XIX). The effect of 

management actions was also predicted considering its implementation at first and fifth year 

of the simulation period (Appendices XII-XIX). Results were similar for both case studies, 

showing that the management effort of 25% and 50% is not sufficient to prevent but only to 

mitigate the continuous reduction of the habitat suitability in the favourable areas for foraging 

choughs (Appendices XII-XIX). Our model results suggest that the implementation of a 

management effort of 75% at least in the fifth year of the simulation period is required to 
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reverse habitat suitability losses at a local level (Figures 3.6, 3.7, 3.8 and Appendices XII-

XIX).  

 

 

 

Figure 3.8-Average local trends of a 1 km
2
 UTM cell selected to test management scenarios. Trends in the 

densities of foraging flocking choughs are presented for the scenario influenced only by fire events and natural 

land cover successions (scenario 1), the scenario marked by the generalized abandonment of specific rural land 

uses (scenario 2) and the management scenario beginning in the first and fifth year with an intensity of 75% 

(scenario 3).  

 

 Although all the favourable scenarios predicted for management are attained only by 

intensities higher than 75% of traditional LULC maintenance, the respective effects have only 

significance at local level, i.e., the surrounding study units without management actions keeps 

negative trends for the chough habitat suitability in scenario 2 (Figures 3.6, 3.7 and 

Appendices XII-XIX).  
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III.4. Discussion 

 

 The current distribution of European chough populations is strongly linked with 

mountainous and coastal areas where traditional agriculture and pastoralism still represent an 

important fraction of the traditional land uses (Farinha 1991, Bignal et al. 1996, Blanco et al. 

1998). In accordance, the foraging habitat suitability simulated in both case studies was 

positively influenced by the presence of non-irrigated arable land, permanent crops and 

heterogeneous agricultural areas, which provides important feeding conditions for choughs 

(Farinha 1991, Blanco et al. 1998). In fact, the spatial projections stage showed higher 

potential densities of flocking foraging birds in traditional agricultural areas and pastures, 

evidencing the quality of these habitats. Furthermore, flocking birds may benefit from the 

advantages of social foraging in habitats only seasonally rich in food resources (Beauchamp 

2002). The simulation results show that the habitat suitability was not indifferent to 

seasonality, where the spatial patterns of flocking birds is in agreement with seasonal 

variation described for relative abundances of chough flocks in foraging areas (Blanco et al. 

1998). This is of particular importance when it comes to the comprehension of the chough 

population trends for conservation purposes. In spring and summer, mated choughs generally 

feed alone in the breeding territories (Blanco et al. 1997, Banda and Blanco 2009). During 

autumn and winter, the lower prey availability may explain the increasing local chough 

flocking size in the foraging habitats that remain favourable in these seasons (Blanco et al. 

1993, 1998).  

 Concerning the future habitat suitability patterns for foraging choughs, our data 

suggests a stable trend when natural phenomena and the associated land cover post-fire 

successions were considered as the main drivers of the maintenance of traditional agricultural 

and pastoral systems through 20 years. This is the most favourable scenario for both regions 

studied, despite the inexorable indicia of rural abandonment and decline of traditional 

agriculture and pastoralism practises over the last decades (Vaz 2011, Queirós 2012). In 

contrast, the scenario of a generalized and rapid rural abandonment in both study cases 

revealed dramatic consequences concerning the quality deterioration of the main chough 

foraging habitats. These results support the evidence that abandonment of traditional rural 

practises is a critical negative factor for chough conservation, currently affecting the 

ecological viability of several European chough populations (Blanco et al. 1998, Whitehead et 

al. 2005, Kerbiriou et al. 2006, De Sanctis et al. 2013). On the other hand, fire events appear 
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to represent episodic favourable influences recovering the suitability of foraging areas for 

choughs (Farinha 1991, Davies 2004). Nevertheless, since the effects of rural abandonment 

persist for decades and hence have a different magnitude when compared with sporadic 

randomly factors such as the fire occurrence, the habitat suitability for foraging choughs is 

drastically reduced along the first decade of simulation, advising that management actions are 

mandatory for the species conservation to mitigate these critical changes. 

 Bird conservation programs based on LULC management have been successfully 

applied to recover priority habitats and ecosystems for endangered species (Silva et al. 2012). 

In this scope, ecological models can play an important role supporting the decision and 

implementation of management strategies for ecosystems preservation/restoration (de Groot 

et al. 2010). In fact, the management scenarios designed for each study region were focused 

in the maintenance of the most suitable habitats for chough conservation considering a 

realistic regional abandonment context. These favourable habitats are, for instance, the 

permanent crops dominated by areas combining olive orchards and natural grassland for 

cattle, which are common in Porto de Mós County (Case 1) (ICN 2004, Costa et al. 2010). On 

the other hand, non-irrigated arable lands represent the dominant extensive suitable LULC of 

the Vila do Bispo County (Case 2), frequently used by choughs as foraging habitats (Farinha 

1991). Choughs select these areas mostly to catch invertebrates of the soil, although olive 

fruits can be an important food resource in autumn and winter (Blanco et al. 1994). According 

to our results, the maintenance at least of 75% of the management areas suitable for chough 

foraging activities is recommended to stabilize habitat suitability through a period of 20 years, 

although a considerable reduction will be expected in the first years. Therefore, the 

implementation of management strategies at the beginning of the simulation period shows 

higher efficiencies when compared with the later management options. The abandonment of 

traditional practises in these regions leads to an ecological succession of the main chough 

foraging habitats into unfavourable shrub lands, sclerophyllous vegetation and transitional 

woodland-shrub (Bielsa et al. 2005). When vegetation cover is dense with medium/high 

height, the foraging activities of choughs become more conditioned since birds are not able to 

search for soil invertebrates in the soil (McCracken 1990, Blanco et al. 1998).  

 Habitat fragmentation and/or loss may restrict ecological resources for birds, thus 

influencing behaviour, genetic diversity and fitness of individuals and populations (Andren 

1994, Simberloff 1995, Keyghobadi 2007). The two chough populations studied have a 

peripheral location in the European distribution range with high isolation patterns revealed by 
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their low genetic diversity and differentiation levels reported for the Iberian Peninsula 

(Morinha et al. 2016 submitted manuscript). Therefore, the adaptability to a changing 

environment may be seriously compromised in the scenario of progressive rural abandonment 

expected to occur in these regions. A decrease in the abundance and diversity of soil 

invertebrates leading to reduced carrying capacity of foraging habitats and other factors 

eroding environmental quality can be a direct reflect of more global direct consequence of 

landscape changes for open-habitat specialist bird species like choughs (Devictor et al. 2008). 

These changes may be reflected in changes in behaviour, movements and dispersal and 

breeding success, with a general impact in demography and population dynamics (Barnett 

2001, Kerbiriou and Julliard 2007, Schekkerman and Beintema 2007, Banda and Blanco 

2016). In this context, the local extinction probability of vulnerable chough populations can 

be higher in a scenario of a marked abandonment of rural areas and respective traditional 

practises (Blanco et al. 1998, Kerbiriou et al. 2009, Jiménez et al. 2013). Decline and local 

extinction processes have been reported for several chough population nuclei (Farinha 1991, 

Blanco 2004, Wenzel et al. 2012, Cuevas and Blanco 2015), evidencing that the 

understanding of these extinction processes is mandatory to develop effective management 

and conservation strategies in a near future.  
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 Our long-term study demonstrates that choughs engage in regular long-distance 

movements at the Iberian Peninsula level with regular interactions between individuals of 

different population nuclei. Given this high dispersal capacity, the marked genetic structure 

observed is unprecedented for birds, and cannot be readily attributed to patterns of isolation 

by distance, colonization or adaptation. To our knowledge, the complex genetic structure, 

described here for the first time for the Iberian choughs, is unique among birds, and only 

comparable to that reported for humans, some wild non-human primates, and cetaceans. Our 

findings suggest that complex patterns of social interactions may be responsible for genetic 

differentiation (Parreira and Chikhi 2015). Forthcoming approaches aimed at identifying the 

proximate mechanisms driving this strong genetic structure are needed, including the potential 

existence of social group identity and within-group reproductive skew. There is also a need to 

expand our knowledge on other highly complex vertebrate societies, reviewing the main 

hypotheses on genetic structuring of wild populations, where phenomena of isolation by 

social barriers must also be considered. 

 The high differentiation and genetic structure between Iberian chough populations 

may also have important implications for conservation and management strategies. This study 

suggests that Iberian choughs should be managed considering the strongly differentiated 

genetic structure (Hanski, 1998). To preserve genetic diversity and evolutionary potential of 

populations it may be necessary to delineate specific actions focused in each distinct genetic 

unit (Crandall et al. 2000; Fraser and Bernatchez, 2001). Reduced levels of genetic diversity 

were evidenced by mitochondrial data, mainly in the peripheral and fragmented populations 

from West Iberian Peninsula. Although choughs have a high dispersal capacity, these small 

and partially isolated populations have a high genetic homogeneity which may increase the 

local extinction risk (Hardie and Hutchings, 2010). In fact, populations from Portugal have 

decreased in the last years, leading to local extinction of breeding birds of at least one nucleus 

in Northern Portugal (Àlvares et al. 2004; Pereira, 2006; BirdLife International, 2015). 

Nevertheless, the degradation/modification of habitat and ecological/environmental features 

also contributed in a major way for this conservation status. Forthcoming management and 

conservation actions should take into consideration the genetic and ecological/ecosystem 

variables associated to each chough population nuclei (Crandall et al. 2000).  

 Translocations and captive breeding programmes can be alternative strategies for 

population recovery (Butchart et al. 2006; Teixeira et al. 2007). However, these methods need 

to follow very restricted guidelines, which increase the planning complexity and limit its 
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applicability (IUCN/SSC, 2013 and 2014; Batson et al. 2015). There are successful cases 

reported based on these strategies, but several projects fail the main objective of population 

recovery (Beck et al. 1994; Fischer and Lindenmayer, 2000). Captive breeding has been 

tested for choughs, but the breeding success and individual survivor after release is reduced 

(Burgess et al. 2011 and 2012). In this context and considering the complexity of genetic 

structure among chough populations, the management and conservation priorities should be 

firstly directed for the management and restoration of the natural habitats.  

 Considering the high vulnerability of choughs to the effects of the ongoing LULC 

changes, in particular on the habitat suitability deterioration, we selected the two most 

differentiated/isolated populations of Iberian Peninsula as emblematic case studies. In this 

context, an innovative ecological modelling approach was developed in order to predict the 

regional consequences of LULC changes on chough foraging habitats by quantifying the 

respective main distributional and foraging potential patterns under realistic but very complex 

and dynamic spatial scenarios of rural abandonment. The analysis of long-term species-

occurrence patterns under realistic social–ecological scenarios is a big challenge to improve 

conservationist management strategies, namely by anticipating future relevant ecological 

consequences associated with LULC changes (de Groot et al. 2010). The spatially explicit 

StDM framework is a recent and promising modelling approach, easily applicable to different 

types of ecosystems, communities, and species affected by gradients of changes (Bastos et al. 

2012, Santos et al. 2013, Bastos et al. 2016c, Santos et al. 2016). Moreover, when compared 

to other modelling methodologies (e.g. Džeroski et al. 1997), the StDM protocol is also 

characterized by simple conceptual principles and intuitive outputs, with an enormous 

potential as a starting point to design and test cost-effective local conservation measures.  

 According to our results, the conservation/management of traditional agriculture is 

mandatory to mitigate the impending local extinction risk of the last small and fragmented 

populations in Portugal. Furthermore, the complexity of genetic structure among chough 

populations also evidences that forthcoming management and conservation actions should be 

firstly directed for the management and restoration of the interfaces between traditional rural 

areas and natural habitats, including foraging and nesting areas, highlighting the delineation 

of specific actions focused on each distinct population to preserve the overall genetic diversity 

of the species in the Iberian Peninsula. Several projects focused on conservation biology and 

natural resources management of priority bird species have been developed around the world 

(Silva et al. 2012, BirdLife International, 2013). The cooperation with local farmers is a 
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powerful strategy for conservation and habitat restoration purposes, involving regional 

governments in specific habitat management tasks by encouraging and promoting the 

maintenance of traditional practises (Silva et al. 2012). In this context, our framework is 

easily adaptable and applicable to other type of terrestrial ecosystems, communities, guilds 

and target species and can support the design of optimized conservation strategies by 

increasing the knowledge of the responses of endangered populations to the anthropogenic 

LULC changes, quantifying some of the main negative effects and testing local-specific 

management actions for conservation planning (Bastos et al. 2012).  

 LULC changes also have a clear influence on invertebrate species richness and 

abundance, which can be particularly critical for birds of open habitats globally affected by 

agro-pastoral practises (Tscharntke 2008). In addition to habitat management strategies, the 

development of studies on choughs seasonal diet in specific habitats, regions and populations, 

complemented with the characterization of invertebrate species, diversity and abundance is of 

great importance to understand the importance of food resources for habitat selection. The 

implementation of regular mark-recapture-recovery methods and field monitoring actions is 

also mandatory to estimate the real bird densities and to understand their demographic 

structure (Baillie et al. 2009). This can be crucial to restore suitable habitat areas for 

endangered chough populations at regional level.  

 The framework presented in this study is particularly suitable for management 

recommendations in the scope of conservation programs, namely by anticipating, with 

scientific credibility, future ecological consequences associated with LULC changes for 

endangered terrestrial species, such as the Red-billed Chough peripheral Iberian populations. 

In this perspective, we highlight the interplay between model-based research, ecological 

monitoring and molecular studies, which will make the methodology more appealing, 

instructive and credible to technicians, decision-makers and environmental managers. 
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Appendix I 

Summary of population microsatellite data 

 

 

 
A) Summary of population microsatellite data per locus (Ppy51, Ppy63 and Ppy13P8) 

 
  Ppy51  Ppy63  Ppy13P8 

Pop n NA AR HO HE P FIS PIC  NA AR HO HE P FIS PIC  NA AR HO HE P FIS PIC 

P1 24 3 2,385 0,417 0,369 0,483 -0,108 0.325  4 2,836 0,625 0,568 0,926 -0,080 0.479  4 3,098 0,625 0,544 0,600 -0,128 0.492 

P2 38 4 2,966 0,447 0,513 0,535 0,141 0.464  8 4,209 0,632 0,715 0,113 0,130 0.668  5 2,920 0,421 0,364 1,000 -0,145 0.347 

P3 6 3 3,000 0,500 0,653 0,030 0,318 0.579  3 3,000 0,833 0,569 0,636 -0,389 0.505  3 3,000 0,667 0,486 1,000 -0,290 0.424 
P4 45 6 3,478 0,600 0,615 0,271 0,036 0.552  8 4,289 0,667 0,681 0,450 0,032 0.640  7 4,028 0,556 0,599 0,309 0,083 0.568 

P5 14 4 3,253 0,714 0,579 0,519 -0,198 0.515  5 3,476 0,429 0,421 0,628 0,019 0.402  5 3,931 0,643 0,633 0,662 0,021 0.584 

P6 38 8 5,112 0,711 0,739 0,571 0,051 0.712  5 3,716 0,658 0,667 0,978 0,026 0.616  8 5,047 0,684 0,735 0,160 0,082 0.706 
P7 39 5 3,542 0,590 0,613 0,363 0,052 0.556  10 5,636 0,718 0,801 0,011 0,117 0.778  8 5,084 0,692 0,779 0,408 0,125 0.749 

P8 38 8 5,309 0,632 0,806 0,008 0,230 0.779  12 6,485 0,842 0,839 0,136 0,009 0.822  11 5,694 0,658 0,800 0,007 0,191 0.776 

P9 14 4 3,511 0,643 0,645 0,404 0,041 0.577  7 5,593 0,786 0,798 0,012 0,053 0.772  6 4,094 0,571 0,612 0,236 0,103 0.571 

P10 47 6 4,681 0,723 0,737 0,174 0,029 0.703  10 4,600 0,809 0,714 0,118 -0,122 0.675  11 5,941 0,830 0,825 0,472 0,006 0.806 

P11 42 4 3,398 0,524 0,572 0,152 0,097 0.527  5 3,552 0,619 0,605 0,024 -0,011 0.558  10 5,496 0,762 0,776 0,467 0,031 0.748 

P12 17 6 4,431 0,529 0,640 0,111 0,202 0.609  5 3,914 0,765 0,701 0,873 -0,061 0.648  6 4,807 0,706 0,739 0,888 0,075 0.703 
P13 17 5 3,892 0,647 0,676 0,867 0,074 0.626  9 6,406 0,824 0,849 0,496 0,061 0.831  7 5,492 0,765 0,789 0,798 0,061 0.761 

P14 56 9 5,674 0,804 0,814 0,047 0,022 0.792  9 4,964 0,696 0,746 0,012 0,076 0.717  11 5,391 0,768 0,773 0,045 0,016 0.748 

P15 113 7 3,991 0,681 0,683 0,733 0,007 0.637  11 4,570 0,545 0,703 <0,001 0,229 0.670  11 4,105 0,593 0,603 0,045 0,021 0.573 
                         

Mean   5,47 3,908 0,611 0,644 - 0,066 0,597  7,40 4,483 0,696 0,692 - 0,006 0,652  7,53 4,542 0,663 0,670 - 0,017 0,637 

                         

n - number of individuals, NA- number of alleles, HO - observed heterozygosity, HE- expected heterozygosity (GenAlEx v6.5);AR- Allelic richness (FSTAT v2.9.3.2);P - exact probability for expected Hardy Weinberg 

equilibrium conditions for each locus/population combination,  FIS- Weir & Cockerham (1984) (GENEPOP V4.2.2); PIC - polymorphism information content (Cervus v3.0.3). Values in bold: deviations from HWE significant 
after Bonferroni correction. 
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B) Summary of population microsatellite data per locus (Ppy2P36, Ppy2P5 and Ppy104) 

 
  Ppy2P36  Ppy2P5  Ppy104 

Pop n NA AR HO HE P FIS PIC  NA AR HO HE P FIS PIC  NA AR HO HE P FIS PIC 

P1 24 4 3,203 0,667 0,641 0,592 -0,018 0.575  5 2,938 0,417 0,546 0,069 0,257 0.468  4 3,519 0,708 0,658 0,618 -0,055 0.600 

P2 38 7 4,504 0,684 0,680 0,129 0,008 0.649  6 4,686 0,605 0,759 0,019 0,216 0.725  7 3,691 0,605 0,559 0,197 -0,070 0.524 
P3 6 3 3,000 0,167 0,292 0,091 0,500 0.272  3 3,000 0,167 0,542 0,030 0,737 0.460  7 7,000 1,000 0,806 0,763 -0,154 0.782 

P4 45 9 6,231 0,822 0,852 0,063 0,046 0.835  10 6,189 0,822 0,839 0,741 0,031 0.821  11 6,873 0,889 0,868 0,669 -0,013 0.855 

P5 14 8 6,363 0,643 0,811 0,025 0,243 0.792  5 3,843 0,643 0,699 0,863 0,117 0.643  8 5,354 0,857 0,770 0,638 -0,076 0.738 
P6 38 11 6,405 0,789 0,851 0,354 0,086 0.835  7 5,369 0,842 0,812 0,810 -0,024 0.786  14 7,990 0,816 0,909 0,044 0,115 0.901 

P7 39 12 7,192 0,868 0,878 0,845 0,025 0.867  7 5,783 0,763 0,837 0,322 0,102 0.816  13 6,374 0,769 0,839 0,174 0,096 0.821 

P8 38 11 6,749 0,789 0,871 0,140 0,107 0.858  7 5,209 0,816 0,800 0,357 -0,006 0.772  12 6,225 0,842 0,832 0,538 0,002 0.813 

P9 14 5 4,316 0,429 0,628 0,021 0,350 0.596  4 3,401 0,615 0,592 0,828 0,000 0.539  9 5,650 0,857 0,768 0,108 -0,080 0.737 

P10 47 13 7,302 0,894 0,890 0,126 0,007 0.880  10 6,376 0,957 0,857 0,991 -0,106 0.841  13 6,623 0,872 0,862 0,224 -0,002 0.847 

P11 42 14 7,303 0,927 0,886 0,782 -0,034 0.875  10 6,095 0,810 0,844 0,144 0,053 0.826  10 5,812 0,610 0,831 <0,001 0,278 0.810 
P12 17 6 4,586 0,765 0,737 0,834 -0,007 0.695  4 3,241 0,588 0,576 0,708 0,009 0.520  6 4,233 0,706 0,708 0,772 0,033 0.659 

P13 17 10 7,200 0,882 0,872 0,370 0,018 0.859  10 6,159 0,882 0,779 0,832 -0,103 0.759  9 6,639 0,941 0,858 0,439 -0,067 0.842 

P14 56 10 6,678 0,911 0,869 0,064 -0,039 0.855  10 5,328 0,804 0,783 0,417 -0,018 0.757  10 6,084 0,875 0,844 0,688 -0,028 0.825 
P15 113 12 6,311 0,885 0,849 0,855 -0,038 0.833  10 5,726 0,858 0,836 0,221 -0,022 0.815  15 6,316 0,903 0,851 0,895 -0,056 0.835 

                         

Mean   9,00 5,823 0,741 0,774 - 0,084 0,752  7,20 4,890 0,706 0,740 - 0,083 0,703  9,87 5,892 0,817 0,797 - -0,005 0,773 

                         

n - number of individuals, NA- number of alleles, HO - observed heterozygosity, HE- expected heterozygosity (GenAlEx v6.5);AR- Allelic richness (FSTAT v2.9.3.2);P - exact probability for expected Hardy Weinberg 
equilibrium conditions for each locus/population combination,  FIS- Weir & Cockerham (1984) (GENEPOP V4.2.2); PIC - polymorphism information content (Cervus v3.0.3). Values in bold: deviations from HWE significant 

after Bonferroni correction. 
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C) Summary of population microsatellite data per locus (Ppy2P7, Ppy2P16 and PpyA1.4)  

 
  Ppy2P7  Ppy2P16  PpyA1.4 

Pop n NA AR HO HE P FIS PIC  NA AR HO HE P FIS PIC  NA AR HO HE P FIS PIC 

P1 24 8 5,493 0,708 0,773 0,005 0,105 0.748  3 2,641 0,458 0,426 0,829 -0,054 0.381  4 3,400 0,792 0,674 0,814 -0,155 0.609 

P2 38 5 3,050 0,313 0,432 0,027 0,291 0.401  5 4,082 0,816 0,740 0,789 -0,089 0.694  7 4,402 0,632 0,684 0,300 0,090 0.645 
P3 6 3 3,000 0,333 0,486 0,515 0,394 0.424  4 4,000 0,833 0,708 0,469 -0,087 0.659  3 3,000 0,500 0,403 1,000 -0,154 0.363 

P4 45 11 4,813 0,636 0,637 0,434 0,012 0.618  6 4,891 0,689 0,800 0,212 0,150 0.769  11 5,522 0,756 0,797 0,415 0,063 0.772 

P5 14 5 3,851 0,571 0,548 0,561 -0,005 0.516  5 3,685 0,643 0,633 0,418 0,021 0.571  3 2,911 0,786 0,612 0,557 -0,249 0.530 
P6 38 14 6,003 0,763 0,788 0,673 0,045 0.768  6 4,019 0,579 0,713 0,124 0,201 0.664  9 6,306 0,842 0,852 0,616 0,026 0.836 

P7 39 14 5,801 0,743 0,700 0,882 -0,047 0.688  6 4,530 0,821 0,760 0,541 -0,067 0.721  12 7,215 0,769 0,885 0,356 0,144 0.874 

P8 38 11 3,743 0,361 0,447 0,005 0,206 0.435  6 4,825 0,789 0,780 0,257 0,001 0.746  12 7,355 0,789 0,880 0,008 0,116 0.870 
P9 14 5 4,687 0,800 0,755 0,025 -0,007 0.716  4 3,738 0,714 0,681 0,066 -0,012 0.624  6 4,576 0,643 0,704 0,046 0,124 0.666 

P10 47 19 5,526 0,702 0,656 0,746 -0,060 0.647  8 4,796 0,638 0,757 0,176 0,168 0.723  16 7,207 0,872 0,877 0,629 0,016 0.865 

P11 42 16 5,220 0,590 0,623 0,096 0,066 0.613  8 5,179 0,833 0,797 0,504 -0,034 0.768  13 7,278 0,800 0,881 0,495 0,104 0.870 
P12 17 9 6,019 0,882 0,811 0,156 -0,057 0.789  6 3,642 0,647 0,595 0,895 -0,057 0.536  5 4,083 0,824 0,687 0,447 -0,170 0.642 

P13 17 9 5,894 0,733 0,740 0,423 0,044 0.720  7 5,240 1,000 0,794 0,467 -0,231 0.764  9 6,910 0,941 0,865 0,322 -0,058 0.850 

P14 56 16 6,312 0,852 0,803 0,376 -0,051 0.787  7 4,343 0,696 0,733 0,786 0,059 0.691  9 6,174 0,873 0,850 0,593 -0,018 0.832 
P15 113 20 6,788 0,839 0,843 0,117 0,009 0.831  7 5,092 0,786 0,812 0,869 0,036 0.784  11 6,735 0,891 0,874 0,535 -0,014 0.862 

                         

Mean   11,00 5,080 0,655 0,670 - 0,063 0,647  5,87 4,314 0,730 0,715 - 0,000 0,673  8,67 5,538 0,781 0,768 - -0,009 0,739 

                         

n - number of individuals, NA- number of alleles, HO - observed heterozygosity, HE- expected heterozygosity (GenAlEx v6.5);AR- Allelic richness (FSTAT v2.9.3.2);P - exact probability for expected Hardy Weinberg 
equilibrium conditions for each locus/population combination,  FIS- Weir & Cockerham (1984) (GENEPOP V4.2.2); PIC - polymorphism information content (Cervus v3.0.3). Values in bold: deviations from HWE significant 

after Bonferroni correction. 
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D) Summary of population microsatellite data per locus (PpyA1.12) 

 
  PpyA1.12 

Pop n NA AR HO HE P FIS PIC 

P1 24 6 4,717 0,792 0,772 0,438 -0,005 0.736 

P2 38 10 5,507 0,816 0,806 0,148 0,001 0.780 
P3 6 4 4,000 0,500 0,708 0,065 0,375 0.652 

P4 45 11 6,114 0,889 0,834 0,713 -0,055 0.815 

P5 14 3 2,977 0,571 0,635 0,743 0,137 0.561 
P6 38 11 5,685 0,737 0,813 0,107 0,107 0.789 

P7 39 10 5,504 0,816 0,789 0,357 -0,021 0.763 

P8 38 13 6,719 0,868 0,854 0,845 -0,004 0.839 
P9 14 8 5,728 0,714 0,786 0,034 0,128 0.757 

P10 47 13 6,993 0,936 0,879 0,324 -0,054 0.867 

P11 42 13 5,554 0,738 0,733 0,977 0,005 0.713 
P12 17 9 6,025 0,824 0,820 0,773 0,026 0.798 

P13 17 9 6,191 0,882 0,827 0,664 -0,037 0.806 

P14 56 11 5,281 0,786 0,801 0,121 0,028 0.773 
P15 113 13 4,424 0,690 0,714 0,036 0,037 0.670 

         

Mean  9,60 5,428 0,771 0,785 - 0,045 0,755 

         

n - number of individuals, NA- number of alleles, HO - observed heterozygosity, HE- 
expected heterozygosity (GenAlEx v6.5);AR- Allelic richness (FSTAT v2.9.3.2);P - 

exact probability for expected Hardy Weinberg equilibrium conditions for each 

locus/population combination,  FIS- Weir & Cockerham (1984) (GENEPOP 

V4.2.2); PIC - polymorphism information content (Cervus v3.0.3). Values in bold: 

deviations from HWE significant after Bonferroni correction. 
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Appendix II 

 

Pairwise values of Fst (below diagonal) and Dest (above diagonal) among chough population nuclei.  

 

 
 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 

P1  0.544 0.472 0.408 0.507 0.373 0.337 0.563 0.418 0.401 0.418 0.397 0.425 0.466 0.385 

P2 0.243  0.336 0.185 0.359 0.308 0.315 0.419 0.367 0.354 0.305 0.554 0.318 0.345 0.342 

P3 0.231 0.162  0.272 0.365 0.307 0.311 0.400 0.445 0.389 0.418 0.557 0.351 0.456 0.396 

P4 0.152 0.072 0.098  0.209 0.092 0.104 0.238 0.281 0.138 0.147 0.389 0.142 0.179 0.121 

P5 0.229 0.163 0.169 0.075  0.182 0.259 0.374 0.393 0.256 0.229 0.511 0.355 0.279 0.192 

P6 0.131 0.105 0.099 0.025 0.060  0.059 0.242 0.338 0.085 0.136 0.372 0.186 0.155 0.110 

P7 0.119 0.107 0.100 0.029 0.083 0.015  0.187 0.302 0.082 0.118 0.314 0.142 0.158 0.123 

P8 0.183 0.140 0.123 0.062 0.114 0.055 0.044  0.410 0.148 0.227 0.389 0.169 0.214 0.293 

P9 0.179 0.145 0.171 0.089 0.153 0.094 0.081 0.110  0.320 0.422 0.434 0.250 0.383 0.329 

P10 0.134 0.116 0.119 0.036 0.079 0.020 0.020 0.033 0.088  0.086 0.387 0.126 0.137 0.155 

P11 0.154 0.113 0.142 0.043 0.081 0.035 0.031 0.058 0.123 0.022  0.381 0.230 0.164 0.150 

P12 0.168 0.205 0.207 0.117 0.186 0.102 0.085 0.103 0.142 0.101 0.112  0.399 0.351 0.370 

P13 0.146 0.106 0.109 0.037 0.109 0.041 0.030 0.037 0.063 0.028 0.055 0.102  0.110 0.169 

P14 0.152 0.111 0.137 0.046 0.086 0.036 0.036 0.048 0.100 0.031 0.041 0.093 0.023  0.095 

P15 0.134 0.114 0.130 0.034 0.064 0.029 0.031 0.070 0.095 0.038 0.041 0.105 0.040 0.024  

Note: All estimated values are significant (P<0.001). 
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Appendix III 

 

Pairwise values of Fst (below diagonal) and significance values (above diagonal) estimated for mtDNA among chough population nuclei.  

 

 

 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 

P1  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

P2 0.713  0.004 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

P3 0.930 0.462  0.076 1.000 0.232 0.035 0.009 <0.001 0.001 0.025 <0.001 0.121 <0.001 0.001 

P4 0.350 0.230 0.145  0.003 0.161 0.099 0.049 <0.001 0.001 0.071 0.006 0.226 <0.001 0.001 

P5 0.945 0.521 0.000 0.207  0.023 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.016 <0.001 <0.001 

P6 0.410 0.191 0.057 0.017 0.120  0.035 0.007 <0.001 <0.001 0.015 0.002 0.148 <0.001 <0.001 

P7 0.319 0.294 0.246 0.029 0.314 0.063  0.449 <0.001 0.058 0.812 0.022 0.329 0.010 0.034 

P8 0.372 0.392 0.360 0.061 0.427 0.131 0  <0.001 0.339 0.380 0.021 0.228 0.011 0.105 

P9 0.791 0.815 0.786 0.448 0.858 0.540 0.383 0.367  <0.001 <0.001 <0.001 0.012 0.037 0.001 

P10 0.334 0.427 0.407 0.128 0.462 0.209 0.040 0.001 0.285  0.074 0.002 0.058 0.013 0.027 

P11 0.325 0.324 0.277 0.042 0.346 0.091 0 0 0.380 0.036  0.023 0.203 0.004 0.023 

P12 0.412 0.253 0.463 0.152 0.562 0.193 0.110 0.119 0.535 0.171 0.112  0.021 0.006 0.017 

P13 0.458 0.356 0.222 0.016 0.338 0.042 0.001 0.023 0.326 0.075 0.024 0.154  0.110 0.190 

P14 0.282 0.363 0.362 0.165 0.414 0.221 0.085 0.072 0.115 0.064 0.082 0.120 0.046  0.079 

P15 0.240 0.282 0.339 0.107 0.375 0.165 0.041 0.021 0.246 0.034 0.048 0.089 0.022 0.018  

Values in bold: non-significant estimations (P≥0.05). 
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Appendix IV 

Mitochondrial DNA haplotypes and polymorphic nucleotide sites identified after the analysis of the partial sequences of ND2 and D-loop regions. GenBank accessions are shown 

for each ND2 and control regionsequences and haplotype frequencies are presented for each locality (reported in Table 2.1).  

 
Haplotype Mitochondrial region and position of variations  GenBank IDs   Haplotype frequencies 
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H1 C A C T A G T G A A G C G C A  A T G T G A G A - A C  KX024343;KX024396  

L1 (1); L2 (8); L3 (5); L4 (6); L5 (2); L6 (10); L7 (2); L8 (14); L9 (22); L10 (17); L11 (12); 

L12 (7); L14 (5); L15 (6); L16 (14); L17 (2); L19 (3); L20 (8); L21 (4); L22 (3); L23 (3); L24 

(14); L25 (9) 

H2 . . . . . . . A . . . . . . .  . . . . A G . - - . .  KX024344;KX024397  
L5 (4); L6 (4); L7 (4); L9 (5); L10 (10); L11 (13); L12 (13); L13 (1) L14 (9); L15 (4); L16 

(10); L17 (7); L18 (1); L19 (4); L20 (3); L21 (1); L22 (2); L23 (3); L24 (21); L25 (14) 

H3 . . . . . . . A . . . . . . .  . . . . . . . A - . .  KX024345;KX024398  L9 (1); L11 (2) 

H4 . . . . . . . A . . . . . . .  . . . . A G . A - . .  KX024346;KX024399  L9 (1); L11 (1); L17 (1) 

H5 . . . . C . . . . . . . . . .  . . . . A G . - - . .  KX024347;KX024400  L11 (1) 

H6 . . . . . . . A . . . . . . .  . C . . A . . A - . .  KX024348;KX024401  L21 (1) 

H7 . . . . . . . . . . . . . . .  . . . . A G . - - . .  KX024349;KX024402  L6 (1); L11 (2); L22 (1) 

      H8 . . . . . . . A . . . . . . .  . . . C A G . A - . .  KX024350;KX024403  
L10 (3); L11 (1); L13 (1); L15 (3); L16 (7); L18 (2); L19 (1); L21 (1); L22 (3); L23 (1); L24 

(1); L25 (3) 

H9 . . . . . . . A . . . . . . .  . . . . A . . A - . .  KX024351;KX024404  L1 (23); L2 (1); L10 (1); L11 (1); L13 (1); L14 (4); L17 (2); L24 (1) 

H10 . . . . . . . A . . . . . . .  . . . C A G . - - . .  KX024352;KX024405  L10 (2); L11 (2); L15 (3); L16 (1) 

H11 G C . . . . . A . . . . . . .  . . . C A G . A - . .  KX024353;KX024406  L22 (1) 

H12 . . . . . . . . . . . . . . .  . . . . A . . A - . .  KX024354;KX024407  L2 (16); L3 (8); L17 (2); L18 (12); L21 (1); L22 (6); L23 (2); L24 (10); L25 (15) 

H13 . . . . . . . A C . . . . . G  . . . . A G . - - . .  KX024355;KX024408  L13 (6); L20 (3); L21 (6); L22 (6); L23 (6); L24 (9); L25 (10) 

H14 . . . C . . . A . . . . . . .  . . . C A G . A - . .  KX024356;KX024409  L14 (1) 

H15 . . . . . . . A . . . . C . .  . . . . A . . A - . .  KX024357;KX024410  L5 (4); L6 (1); L7 (2); L16 (2); L25 (1) 

H16 . . . . . . . . . . . . . . .  . . . . . . . A A . .  KX024358;KX024411  L23 (1); L24 (1); L25 (3) 

H17 . . . . . . . . . . . . . . .  . . . . A . . A - T .  KX024359;KX024412  L25 (1) 

H18 . . . . . . . A . . C . . . .  . . . C A G . A - . .  KX024360;KX024413  L21 (1); L23 (1) 

H19 . . . . . . . A . . . T . . .  . . . . A G . - - . .  KX024361;KX024414  L17 (1); L18 (1); L19 (1) 

H20 . . . . . . . . . . . . . T .  . . . . . . . A - . .  KX024362;KX024415  L6 (1); L7 (5); L9 (4) 

H21 . . . . . . . . . . . . . . .  G . . . . . . A - . .  KX024363;KX024416  L9 (2) 

H22 . . . . . . . A . . . . . . .  . . A . A G . - - . .  KX024364;KX024417  L7 (3); L9 (2) 

H23 . . . . . . . A . G . . . . .  . . . C A G . A - . .  KX024365;KX024418  L9 (1); L10 (1); L12 (1); 

H24 . . . . . . . A C . . . . . .  G . . . A G . - - . .  KX024366;KX024419  L9 (1) 

H25 . . . . . . . A . . . . . . .  . . . . A . . - - . .  KX024367;KX024420  L9 (1) 

H26 . . . . . . . A . . . . . . .  G . . . A G . - - . .  KX024368;KX024421  L10 (1) 

H27 . . . . . . . A C . . . . . .  . . . . A G . - - . .  KX024369;KX024422  L10 (1) 

H28 . . . . . . . . . . . . . . .  . . . . . . . A - T .  KX024370;KX024423  L10 (1) 

H29 . . T . . . . A . . . . . . .  . . . C A G . A - . .  KX024371;KX024424  L12 (2) 

H30 . . . . . . . A . . . . . . .  . . . . A G . - - . T  KX024372;KX024425  L12 (1) 

H31 . . . . . . C A . . . . . . .  . . . . A G . - - . .  KX024373;KX024426  L14 (1); L15 (4); L16 (1); L18 (1) 

H32 . . . . . . . . . . . . . . .  . . . . . . . - - . .  KX024374;KX024427  L14 (2); L15 (1) 

H33 . . . . . A . A . . . . . . .  . . . . A G . - - . .  KX024375;KX024428  L14 (1); L15 (2) 

H34 . . . . . . . A . . . . . . .  . . . . A G . A A . .  KX024376;KX024429  L6 (1) 

H35 . . . . . . . A . . . . . . .  . . . . . . . A A . .  KX024377;KX024430  L6 (1) 

H36 . . . . . . . A C . . . . . .  . . . . A G A - - . .  KX024378;KX024431  L14 (2) 

*insertion/delection (in/del) variations 
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Appendix V 

 

Mitochondrial population diversity parameters. 

 

 
 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15  L12* L17* L19* 

N 24 38 6 45 14 40 37 35 9 47 35 17 14 55 113  24 15 9 

h 2 3 1 8 1 10 9 9 4 9 6 5 3 11 9  5 6 4 

Hd 0.083 0.496 0 0.802 0 0.681 0.722 0.753 0.583 0.850 0.734 0.507 0.626 0.825 0.790  0.638 0.771 0.750 

K 0.167 0.515 0 1.806 0 1.799 2.036 1.721 1.444 2.048 1.953 1.338 2.308 2.648 2.059  1.848 1.338 1.944 

π 0.0001 0.0005 0 0.0016 0 0.0016 0.0018 0.0015 0.0013 0.0018 0.0017 0.0012 0.0020 0.0023 0.0018  0.0016 0.0012 0.0017 

N, sample size; h, number of haplotypes; Hd, haplotype diversity; K, average number of differences; π, nucleotide diversity.  

*Sampling locations with undefined population (see Figure2.1).  
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Appendix VI 

Dispersal patterns based on individual records obtained for the 11 chough Iberian nuclei monitored. Points on 

each map represent the localities of recaptured or resighted individuals from each population nuclei. 
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Appendix VII 

Description of all mathematical equations included in the model for Case 1. 

Difference equations  

burnt_area(t) = burnt_area(t - dt) + (burnt_gains - tr_burnt_NATG) * dt 

fire_counter(t) = fire_counter(t - dt) + (fire_events) * dt 

FOREST(t) = FOREST(t - dt) + (tr_TWS_FOREST - FOREST_fire) * dt 

HAA(t) = HAA(t - dt) + (-tr_HAA_TWS) * dt 

NATG(t) = NATG(t - dt) + (tr_burnt___NATG + tr_NIAL_NATG - tr_NATG_TWS - 

tr_NATG__SVEG) * dt 

NIAL(t) = NIAL(t - dt) + (-tr_NIAL_NATG) * dt 

PCROP(t) = PCROP(t - dt) + (-tr_PCROP_TWS - manag_PCROP) * dt 

PCROP_managed(t) = PCROP_managed(t - dt) + (manag_PCROP) * dt 

SVEG(t) = SVEG(t - dt) + (tr_NATG__SVEG - SVEG_fire) * dt 

TWS(t) = TWS(t - dt) + (tr_NATG_TWS + tr_PCROP_HAA_TWS - 

tr_TWS_FOREST - TWS_fire) * dt 

Process equations  

INIT burnt_area = 0 

INFLOWS: 

burnt_gains = FOREST_fire+SVEG_fire+TWS_fire 

OUTFLOWS: 

tr_burnt_NATG = tr_rate_burnt_NATG*Burnt_area 

 

INIT fire_counter = 0 

INFLOWS: 

fire_events = IF Burnt_gains>0 THEN 1 ELSE 0 

 

INIT FOREST = 0 

INFLOWS: 

tr_TWS_FOREST = tr_rate__TWS_FOREST*TWS 

OUTFLOWS: 

FOREST_fire = IF fire_option=1 AND fire_season=1 THEN 

forest_fire_intensity*forest*fire ELSE 0 
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INIT HAA = 0 

OUTFLOWS: 

tr_HAA_TWS = IF Abandonment_option=1 THEN tr_rate_HAA_TWS*HAA ELSE 0 

 

INIT NATG = 0 

INFLOWS: 

tr_burnt___NATG = tr_burnt_NATG 

tr_NIAL_NATG = IF Abandonment_option = 1 THEN tr_rate_NIAL_NATG*NIAL 

ELSE 0 

OUTFLOWS: 

tr_NATG_TWS = tr_rate__NATG_TWS*NATG*TWS_fraction 

tr_NATG__SVEG = tr_rate_NATG_SVEG*NATG*SVEG_fraction 

 

INIT NIAL = 0 

OUTFLOWS: 

tr_NIAL_NATG = IF Abandonment_option = 1 THEN tr_rate_NIAL_NATG*NIAL 

ELSE 0 

 

INIT PCROP = 0 

OUTFLOWS: 

tr_PCROP_TWS = IF Abandonment_option=1 THEN tr_rate_PCROP_TWS*PCROP 

ELSE 0 

manag_PCROP = IF manag_PCROP_option=1 AND TIME=manag_initial_year 

THEN manag_PCROP_intensity*PCROP ELSE 0 

 

INIT PCROP_managed = 0 

INFLOWS: 

manag_PCROP = IF manag_PCROP_option=1 AND TIME=manag_initial_year 

THEN manag_PCROP_intensity*PCROP ELSE 0 

 

INIT SVEG = 0 

INFLOWS: 
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tr_NATG__SVEG = tr_rate_NATG_SVEG*NATG*SVEG_fraction 

OUTFLOWS: 

SVEG_fire = IF fire_option=1 AND fire_season=1 THEN 

SVEG_fire_intensity*SVEG*fire ELSE 0 

 

INIT TWS = 0 

INFLOWS: 

tr_NATG_TWS = tr_rate__NATG_TWS*NATG*TWS_fraction 

tr_PCROP_HAA__TWS = tr_PCROP_TWS+tr_HAA_TWS 

OUTFLOWS: 

tr_TWS_FOREST = tr_rate__TWS_FOREST*TWS 

TWS_fire = IF fire_option=1 AND fire_season=1 THEN 

TWS_fire_intensity*TWS*fire ELSE 0 

Composed variables  

tr_rate_burnt_NATG = (1+mtr_rate_burnt_NATG)^(1/mtr_burnt_NATG) - 1 

tr_rate_HAA_TWS = (1+mtr_rate_HAA_TWS)^(1/mtr_HAA_TWS) - 1 

tr_rate_NATG_SVEG = (1+mtr_rate_NATG_SVEG)^(1/mtr_NATG_SVEG) - 1 

tr_rate_NIAL_NATG = (1+mtr_rate_NIAL_NATG)^(1/mtr_NIAL_NATG) - 1 

tr_rate_PCROP_TWS = (1+mtr_rate_PCROP_TWS)^(1/mtr_PCROP_TWS) - 1 

tr_rate__NATG_TWS = (1+mtr_rate__NATG_TWS)^(1/mtr_NATG_TWS) - 1 

tr_rate__TWS_FOREST = (1+mtr_rate__TWS_FOREST)^(1/mtr_TWS_FOREST) – 1 

mtr_NATG_SVEG = 10*12-mtr_burnt_NATG 

mtr_NATG_TWS = ((8.1+15.5)/2)*12-mtr_burnt_NATG 

mtr_TWS_FOREST = ((25.5+21.5+52.9)/3)*12-mtr_burnt_NATG-mtr_NATG_TWS 

SVEG_fraction = IF TWS_SVEG_total=0 THEN 0 ELSE SVEG/TWS_SVEG_total 

TWS_fraction = IF TWS_SVEG_total=0 THEN 0 ELSE TWS/TWS_SVEG_total 

fire = IF fire_probability=fire_degree_probability THEN 1 ELSE 0 

fire_season = IF Periodicity>=6 AND Periodicity<=9 THEN 1 ELSE 0 

effective__PCROP = PCROP+PCROP_managed 

TWS_SVEG_total = TWS+SVEG 

Constants 

abandonment_option = 0 
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roost_dist = 0 

fire_degree_probability = 10 

fire_option = 0 

manag_initial_year = 0 

manag_PCROP_intensity = 0 

manag_PCROP_option = 0 

mtr_burnt_NATG = 2.6*12 

mtr_HAA_TWS = 3.5*12 

mtr_NIAL_NATG = 3.5*12 

mtr_PCROP_TWS = 3.5*12 

mtr_rate_burnt_NATG = 1 

mtr_rate_HAA_TWS = 1 

mtr_rate_NATG_SVEG = 1 

mtr_rate_NIAL_NATG = 1 

mtr_rate_PCROP_TWS = 1 

mtr_rate__NATG_TWS = 1 

mtr_rate__TWS_FOREST = 1 

Random variables  

FOREST_fire_intensity = RANDOM(0,1) 

TWS_fire_intensity = RANDOM(0,1) 

SVEG_fire_intensity = RANDOM(0,1) 

fire_probability = ROUND(RANDOM(1,fire_degree_probability)) 

Other variables 

periodicity = COUNTER(0,12) 

Table functions 

photoperiod = GRAPH(Periodicity) 

(0.00, 11.0), (1.00, 12.0), (2.00, 12.4), (3.00, 13.3), (4.00, 14.3), (5.00, 14.3), (6.00, 

14.2), (7.00, 13.9), (8.00, 13.8), (9.00, 12.9), (10.0, 12.4), (11.0, 11.2), (12.0, 10.4) 

StDM converters  

nr_individuals = IF 96.6+100.3* NIAL+65.9*effective__PCROP+23*HAA-

37.5*SVEG-3.42* photoperiod-0.006983*roost_dist <=0 THEN 0 ELSE 96.6+100.3* 

NIAL+65.9*effective__PCROP+23*HAA-37.5*SVEG-3.42* photoperiod-

0.006983*roost_dist 
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Appendix VIII 

Description of all mathematical equations included in the model for Case 2. 

Difference equations  

burnt_area(t) = burnt_area(t - dt) + (burnt_gains - tr_burnt_NATG) * dt 

fire_counter(t) = fire_counter(t - dt) + (fire_events) * dt 

FOREST(t) = FOREST(t - dt) + (tr_TWG_FOREST - FOREST_fire) * dt 

HAA(t) = HAA(t - dt) + (-tr_HAA_TWS) * dt 

NATG(t) = NATG(t - dt) + (tr_PASTUR_NATG + tr_NIAL_NATG + tr_burn_NATG 

- tr_NATG_TWS - tr_NATG__SVEG) * dt 

NIAL(t) = NIAL(t - dt) + (-tr_NIAL_NATG - manag__NIAL) * dt 

NIAL_managed(t) = NIAL_managed(t - dt) + (manag_NIAL) * dt 

PASTUR(t) = PASTUR(t - dt) + (-tr_PASTUR_NATG) * dt 

PCROP(t) = PCROP(t - dt) + (-tr_PCROP_TWS) * dt 

SVEG(t) = SVEG(t - dt) + (tr_NATG_SVEG - SVEG_fire) * dt 

TWS(t) = TWS(t - dt) + (tr_NATG_TWS + tr_PCROP_HAA_TWS - 

tr_TWG_FOREST - TWS_fire) * dt 

Process equations  

INIT burnt_area = 0 

INFLOWS: 

burnt_gains = FOREST_fire+TWS_fire+SVEG_fire 

OUTFLOWS: 

tr_burnt_NATG = tr_rate_burnt_NATG*Burnt_area 

 

INIT fire_counter = 0 

INFLOWS: 

fire_events = IF Burnt_gains>0 THEN 1 ELSE 0 

 

INIT FOREST = 0 

INFLOWS: 

tr_TWG_FOREST = tr_rate_TWS_FOREST*TWS 

OUTFLOWS: 

FOREST_fire = IF fire_option=1 AND fire_season=1 THEN 

forest_fire_intensity*forest*fire ELSE 0 
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INIT HAA = 0 

OUTFLOWS: 

tr_HAA_TWS = IF Abandonment_option=1 THEN tr_rate_HAA_TWS*HAA ELSE 0 

 

INIT NATG = 0 

INFLOWS: 

tr_PASTUR_NATG = IF Abandonment_option=1 THEN 

tr_rate_PASTUR_NATG*PASTUR ELSE 0 

tr_NIAL_NATG = IF Abandonment_option=1 THEN tr_rate__NIAL_NATG*NIAL 

ELSE 0 

tr_burn__NATG = tr_burnt_NATG 

OUTFLOWS: 

tr_NATG_TWS = tr_rate__NATG_TWS*NATG*TWS_fraction 

tr_NATG_SVEG = tr_rate_NATG_SVEG*NATG*SVEG_fraction 

 

INIT NIAL = 0 

OUTFLOWS: 

tr_NIAL_NATG = IF Abandonment_option=1 THEN tr_rate__NIAL_NATG*NIAL 

ELSE 0 

manag__NIAL = IF manag_NIAL_option=1 AND TIME=manag_initial_year THEN 

manag_NIAL_intensity*NIAL ELSE 0 

 

INIT NIAL__managed = 0 

INFLOWS: 

manag__NIAL = IF manag_NIAL_option=1 AND TIME=manag_initial_year THEN 

manag_NIAL_intensity*NIAL ELSE 0 

 

INIT PASTUR = 0 

OUTFLOWS: 

tr_PASTUR_NATG = IF Abandonment_option=1 THEN 

tr_rate_PASTUR_NATG*PASTUR ELSE 0 
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INIT PCROP = 0 

OUTFLOWS: 

tr_PCROP_TWS = IF Abandonment_option=1 THEN tr_rate_PCROP_TWS*PCROP 

ELSE 0 

 

INIT SVEG = 0 

INFLOWS: 

tr_NATG__SVEG = tr_rate__NATG_SVEG*NATG*SVEG_fraction 

OUTFLOWS: 

SVEG_fire = IF fire_option=1 AND fire_season=1 THEN 

SVEG_fire_intensity*SVEG*fire ELSE 0 

 

INIT TWS = 0 

INFLOWS: 

tr_NATG_TWS = tr_rate__NATG_TWS*NATG*TWS_fraction 

tr_PCROP_HAA_TWS = tr_PCROP_TWS+tr_HAA_TWS 

OUTFLOWS: 

tr_TWG_FOREST = tr_rate_TWS_FOREST*TWS 

TWS_fire = IF fire_option=1 AND fire_season=1 THEN 

TWS_fire_intensity*TWS*fire ELSE 0 

Composed variables  

tr_rate_burnt_NATG = (1+mtr_rate_burnt_NATG)^(1/mtr_burnt_NATG) - 1 

tr_rate_HAA_TWS = (1+mtr_rate_HAA_TWS)^(1/mtr_HAA_TWS) - 1 

tr_rate_PASTUR_NATG = (1+mtr_rate_PASTUR_NATG)^(1/mtr_PASTUR_NATG) 

- 1 

tr_rate_PCROP_TWS = (1+mtr_rate_PCROP_TWS)^(1/mtr_PCROP_TWS) - 1 

tr_rate_TWS_FOREST = (1+mtr_rate__TWS_FOREST)^(1/mtr_TWS_FOREST) - 1 

tr_rate__NATG_SVEG = (1+mtr_rate_NATG_SVEG)^(1/mtr_NATG_SVEG) - 1 

tr_rate__NATG_TWS = (1+mtr_rate__NATG_TWS)^(1/mtr_NATG_TWS) - 1 

tr_rate__NIAL_NATG = (1+mtr_rate__NIAL_NATG)^(1/mtr_NIAL_NATG) – 1 

mtr_NATG_SVEG = 10*12-mtr_burnt_NATG 
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mtr_NATG_TWS = ((8.1+15.5)/2)*12-mtr_burnt_NATG 

mtr_TWS_FOREST = ((25.5+21.5+52.9)/3)*12-mtr_burnt_NATG-mtr_NATG_TWS 

SVEG_fraction = IF TWS_SVEG_total=0 THEN 0 ELSE SVEG/TWS_SVEG_total 

TWS_fraction = IF TWS_SVEG_total=0 THEN 0 ELSE TWS/TWS_SVEG_total 

fire = IF fire_probability=fire_degree_probability THEN 1 ELSE 0 

fire_season = IF Periodicity>=6 AND Periodicity<=9 THEN 1 ELSE 0 

effective_NIAL = NIAL+NIAL_managed 

TWS_SVEG_total = TWS+SVEG 

Constants 

abandonment_option = 0 

calcic_luvisols = 0 

ferric__luvisols = 0 

roost_dist = 0 

fire_degree_probability = 35 

fire_option = 0 

manag_initial_year = 0 

manag_NIAL_intensity = 0 

manag_NIAL_option = 0 

mtr_burnt_NATG = 2.6*12 

mtr_HAA_TWS = 3.5*12 

mtr_NIAL_PASTUR = 3.5*12 

mtr_PASTUR_NATG = 3.5*12 

mtr_PCROP_TWS = 3.5*12 

mtr_rate_burnt_NATG = 1 

mtr_rate_HAA_TWS = 1 

mtr_rate_NATG_SVEG = 1 

mtr_rate_PASTUR_NATG = 1 

mtr_rate_PCROP_TWS = 1 

mtr_rate__NATG_TWS = 1 

mtr_rate__NIAL_NATG = 1 

mtr_rate__TWS_FOREST = 1 

Random variables  
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FOREST_fire_intensity = RANDOM(0,1) 

SVEG_fire_intensity = RANDOM(0,1) 

TWS_fire_intensity = RANDOM(0,1) 

fire_probability = ROUND(RANDOM(1,fire_degree_probability)) 

Other variables 

periodicity = COUNTER(0,12) 

Table functions 

photoperiod = GRAPH(Periodicity) 

(0.00, 11.0), (1.00, 12.0), (2.00, 12.4), (3.00, 13.3), (4.00, 14.3), (5.00, 14.3), (6.00, 

14.2), (7.00, 13.9), (8.00, 13.8), (9.00, 12.9), (10.0, 12.4), (11.0, 11.2), (12.0, 10.4) 

StDM converters  

nr_individuals = IF 75.4 - 5.55*Photoperiod - 0.001960*roost_dist + 

40.11*effective_NIAL + 52.6*HAA + 14.44*calcic_luvisols + 18.72*ferric__luvisols 

<=0 THEN 0 ELSE 75.4 - 5.55*Photoperiod - 0.001960*roost_dist + 

40.11*effective_NIAL + 52.6*HAA + 14.44*calcic_luvisols + 18.72*ferric__luvisols 
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Appendix IX 

The conceptual diagram of the StDM model used to simulate the response of flocking choughs to LULC changes and environmental variables in Porto de Mós (Case 1). 

Rectangles represent state variables; other variables or constants are represented as small circles; gains and losses are the cloudlike representations; flows are thick arrows, 

and fine arrows represent all relations between state variables and other variables and constants. The specification of all model codes is shown in Table 3.1 and Appendix 

E.  
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Appendix X 

The conceptual diagram of the StDM model used to simulate the response of flocking choughs to LULC changes and environmental variables in Vila do Bispo (Case 2). 

Rectangles represent state variables; other variables or constants are represented as small circles; gains and losses are the cloudlike representations; flows are thick arrows, 

and fine arrows represent all relations between state variables and other variables and constants. The specification of all model codes is shown in Table 3.1 and Appendix 

E.  
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Appendix XI 

Full explanation of processes and parameters included in the dynamic models. 

 

The dynamic model was developed to predict the Red-billed Chough habitat suitability 

(expressed by foraging flocking chough densities) facing land use/land cover changes in 

dynamic landscape contexts. Statistical parameters with potential influence in the foraging 

activities of choughs (nr individuals) were found after the best model selection, namely roost 

distance (roost dist), photoperiod and soil type (calcic luvisols and ferric luvisols) (see 

Appendices A and B, “Constants”, “Table functions” and “StDM converters”). The soil type 

was only considered in the Case 2 (Appendices B and D). To recreate the ecological 

succession of land covers changes in the study area, seven state variables were considered as 

representative land covers present at the study unit level (heterogeneous agricultural areas, 

HAA; permanent crops, PCROP; non-irrigated arable land, NIAL; pastures, PASTUR; natural 

grasslands, NATG; sclerophyllous vegetation, SVEG; transitional woodland-shrub, TWS; and 

forests, FOREST) (see Appendices A and B, “Difference equations”) and included in the 

dynamic models (Appendices C and D). The succession between land covers was recreated by 

transition flows (tr HAA TWS; tr PCROP TWS; tr NIAL NATG; tr PASTUR NATG; tr NATG 

SVEG; tr NATG TWS; and tr TWS FOREST) mediated by rates (tr rate HAA TWS; tr rate 

PCROP TWS; tr rate NIAL NATG; tr rate PASTUR NATG; tr rate NATG SVEG; tr rate NATG 

TWS; and tr rate TWS FOREST) that consider the number of months (mtr HAA TWS; mtr 

PCROP TWS; mtr NIAL NATG; mtr PASTUR NATG; mtr NATG SVEG; mtr NATG TWS; and 

mtr TWS FOREST) needed by each land cover type to reach the climax (mtr rate HAA TWS; 

mtr rate PCROP TWS; mtr rate NIAL NATG; mtr rate PASTUR NATG; mtr rate NATG 

SVEG; mtr rate NATG TWS; and mtr rate TWS FOREST) (seeAppendices A and B, “Process 

equations”, “Associated variables”, “Composed variables” and “Constants”). Since NATG 

may be converted in both SVEG and TWS, the fraction of these land covers (SVEG fraction 

and TWS fraction) included in the transition flows (tr NATG SVEG and tr NATG TWS) is 

estimated based on TWS SVEG total (see Appendices A and B, “Process equations”, 

“Associated variables” and “Composed variables”). Note that processes including the state 

variable PASTUR were only included in the dynamic model of Case 2 (Appendix D). An 

average time of 42 months were considered to convert non-irrigated arable land to pastures 

(Vilà et al. 2008); pastures to natural grasslands (Vilà et al. 2008). Permanent crops and 

heterogeneous agricultural areas in the regions studied are mostly composed by olive and 
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fruit-tree orchards generally surrounded by shrub vegetation, which are mixed with the 

orchards in several agricultural areas. Abandonment of olive and fruit-tree orchards often 

leads to shrub invasion and a gradual succession to natural woodland (Cammeraat 2005, 

Fleskens 2007). Taking into account these vegetation characteristics, an average period of 42 

months was considered for its conversion to a transitional woodland-shrub. The conversion 

time of natural grasslands into sclerophyllous vegetation was set as 120 months (Casal 1987).  

An average value of 141.6 months was considered to convert natural grasslands into 

transitional woodland-shrub (Rodrigues et al. 2014); a value of 399.6 months was considered 

into convert transitional woodland-shrub to forests (Rodrigues et al. 2014); and 31.2 months 

was considered for the natural grassland post-fire regeneration (Rodrigues et al. 2014). Our 

ecological model simulate all these land cover dynamics takes into account the prevailing 

characteristics of each particular study unit.  

Since fire is an important driving force of land-cover change (Silva et al. 2011), its 

occurrence (SVEG fire; TWS fire; and FOREST fire) was generated according to a realistic 

random probability given by the stochastic variables fire probability and fire degree 

probability (see Appendices A and B, “Process equations”, “Random variables” and 

“Constants”). When these variables are coincident, a fire is generated and the intensity of the 

effects on land covers present in each study unit is determined by the respective 

combustibility rates (SVEG fire intensity; TWS fire intensity; and FOREST fire intensity)(see 

Appendices A and B, “Random variables”). The rates of combustibility considered for each 

land cover were based in Moreira et al. (2010), ranging between 0 (i.e. when the coverage 

area of a given land cover is likely to burn below its total availability) and 1 (i.e. when the 

coverage area of a given land cover is likely to burn up its total availability).Therefore, the 

fire intensity influence each land cover (SVEG; TWS; and FOREST) as outflows, in terms of 

area losses considering the respective combustibility rate, reverting thereafter as inflows 

(SVEG fire; TWS fire; and FOREST fire) to burnt area (see Appendices A and B, “Process 

equations”, “Difference equations”). Fire season was selected taking into account the annual 

average number of fires in Portugal, where July, August and September have a clearly higher 

number of occurrences (San-Miguel-Ayanz et al.2012) (see Appendices A and B, “Associated 

variables”). In order to verify the representativeness of the fire events simulated, expressed in 

the random number of fire events per 20 year per simulation, a set of variables (fire counter 

and fire events) (see Appendices A and B, “Difference equations”) were included in the 
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dynamic model to allow the monitoring of the total number of fires occurrences per 

simulation. 

This model was developed to recreate scenarios related to agricultural abandonment 

(abandonment option) and/or management of specific land uses (manag PCROP option and 

manag NIAL option) (see Appendices A and B, “Constants”). Our model assumes a 

generalized abandonment of agricultural areas/land uses that requires routine and/or 

periodical management by humans (NIAL, PASTUR, PCROP and HAA). In an abandonment 

scenario these land uses are converted according the natural ecological successions previous 

described (see Appendices A and B, “Process equations”). Regarding management actions, 

the dynamic model allow the simulation of different management intensities (manag PCROP 

intensity and manag NIAL intensity), i.e. percentage of the land use managed in the study 

unity; and the selection of the initial year for the beginning of management actions (manage 

initial year), considering the simulation period (20 years in this study) (see Appendices A and 

B, “Constants”). Two state variables were considered to represent the land covers managed 

using a transition flow from PCROP and NIAL (manag PCROP, manag NIAL), namely 

permanent crops for Case 1 (PCROP managed) and non-irrigated arable land for Case 2 

(NIAL managed), being the effective proportion of these land covers provided by the effective 

PCROP and effective NIAL (see Appendices A and B, “Difference equations”, “Process 

equations” and “Composed variables”).  
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Appendix XII 

Spatial representation of the Red-billed Chough foraging habitats suitability in Porto de Mós (Case 1) for the 

Spring, considering three time frames from the 20 years simulated under three different scenarios: only 

influenced by fire events and natural land cover successions without abandonment and/or management actions 

(scenario 1), marked by land cover changes after abandonment of permanent crops areas in all study units at first 

year of simulation (scenario 2), and promoting the maintenance of traditional practices through the management 

of 25% (scenario 3a), 50% (scenario 3b), 75% (scenario 3c) and 100% (scenario 3d) (beginning at the first year 

of the simulation period) of the eight most important study units for choughs (management areas are evidenced 

with squares) in a generalized abandonment context (scenario 3). 
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Appendix XIII 

Spatial representation of the Red-billed Chough foraging habitats suitability in Porto de Mós (Case 1) for the 

Spring, considering three time frames from the 20 years simulated under three different scenarios: only 

influenced by fire events and natural land cover successions without abandonment and/or management actions 

(scenario 1), marked by land cover changes after abandonment of permanent crops areas in all study units at first 

year of simulation (scenario 2), and promoting the maintenance of traditional practices through the management 

of 25% (scenario 3a), 50% (scenario 3b), 75% (scenario 3c) and 100% (scenario 3d) (beginning at the fifth year 

of the simulation period) of the eight most important study units for choughs (management areas are evidenced 

with squares) in a generalized abandonment context (scenario 3).   

 
 

 



Appendices 

 

 
106 

 

Appendix XIV 

Spatial representation of the Red-billed Chough foraging habitats suitability in Porto de Mós (Case 1) for the 

Autumn, considering three time frames from the 20 years simulated under three different scenarios: only 

influenced by fire events and natural land cover successions without abandonment and/or management actions 

(scenario 1), marked by land cover changes after abandonment of permanent crops areas in all study units at first 

year of simulation (scenario 2), and promoting the maintenance of traditional practices through the management 

of 25% (scenario 3a), 50% (scenario 3b), 75% (scenario 3c) and 100% (scenario 3d) (beginning at the first year 

of the simulation period) of the eight most important study units for choughs (management areas are evidenced 

with squares) in a generalized abandonment context (scenario 3). 
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Appendix XV 

Spatial representation of the Red-billed Chough foraging habitats suitability in Porto de Mós (Case 1) for the 

Autumn, considering three time frames from the 20 years simulated under three different scenarios: only 

influenced by fire events and natural land cover successions without abandonment and/or management actions 

(scenario 1), marked by land cover changes after abandonment of permanent crops areas in all study units at first 

year of simulation (scenario 2), and promoting the maintenance of traditional practices through the management 

of 25% (scenario 3a), 50% (scenario 3b), 75% (scenario 3c) and 100% (scenario 3d) (beginning at the fifth year 

of the simulation period) of the eight most important study units for choughs (management areas are evidenced 

with squares) in a generalized abandonment context (scenario 3).   

 

 
 



Appendices 

 

 
108 

 

Appendix XVI 

Spatial representation of the Red-billed Chough foraging habitats suitability in Vila do Bispo (Case 2) for the 

Spring, considering three time frames from the 20 years simulated under three different scenarios: only 

influenced by fire events and natural land cover successions without abandonment and/or management actions 

(scenario 1), marked by land cover changes after abandonment of permanent crops areas in all study units at first 

year of simulation (scenario 2), and promoting the maintenance of traditional practices through the management 

of 25% (scenario 3a), 50% (scenario 3b), 75% (scenario 3c) and 100% (scenario 3d) (beginning at the first year 

of the simulation period) of the eight most important study units for choughs (management areas are evidenced 

with squares) in a generalized abandonment context (scenario 3).    

 

 
 



Appendices 

 

 
109 

 

Appendix XVII 

Spatial representation of the Red-billed Chough foraging habitats suitability in Vila do Bispo (Case 2) for the 

Spring, considering three time frames from the 20 years simulated under three different scenarios: only 

influenced by fire events and natural land cover successions without abandonment and/or management actions 

(scenario 1), marked by land cover changes after abandonment of permanent crops areas in all study units at first 

year of simulation (scenario 2), and promoting the maintenance of traditional practices through the management 

of 25% (scenario 3a), 50% (scenario 3b), 75% (scenario 3c) and 100% (scenario 3d) (beginning at the fifth year 

of the simulation period) of the eight most important study units for choughs (management areas are evidenced 

with squares) in a generalized abandonment context (scenario 3). 
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Appendix XVIII 

Spatial representation of the Red-billed Chough foraging habitats suitability in Vila do Bispo (Case 2) for the 

Autumn, considering three time frames from the 20 years simulated under three different scenarios: only 

influenced by fire events and natural land cover successions without abandonment and/or management actions 

(scenario 1), marked by land cover changes after abandonment of permanent crops areas in all study units at first 

year of simulation (scenario 2), and promoting the maintenance of traditional practices through the management 

of 25% (scenario 3a), 50% (scenario 3b), 75% (scenario 3c) and 100% (scenario 3d) (beginning at the first year 

of the simulation period) of the eight most important study units for choughs (management areas are evidenced 

with squares) in a generalized abandonment context (scenario 3). 
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Appendix XIX 

Spatial representation of the Red-billed Chough foraging habitats suitability in Vila do Bispo (Case 2) for the 

Autumn, considering three time frames from the 20 years simulated under three different scenarios: only 

influenced by fire events and natural land cover successions without abandonment and/or management actions 

(scenario 1), marked by land cover changes after abandonment of permanent crops areas in all study units at first 

year of simulation (scenario 2), and promoting the maintenance of traditional practices through the management 

of 25% (scenario 3a), 50% (scenario 3b), 75% (scenario 3c) and 100% (scenario 3d) (beginning at the fifth year 

of the simulation period) of the eight most important study units for choughs (management areas are evidenced 

with squares) in a generalized abandonment context (scenario 3). 
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Dávila J.A., Morinha F., Blanco, G. (2015) Eleven new polymorphic microsatellite 

markers for the Red-billed chough (Pyrrhocorax pyrrhocorax). Conservation Genetics 

Resources, 7: 81-83. 

 

 

Eleven new polymorphic microsatellite markers for the red-billed chough 

(Pyrrhocorax pyrrhocorax) 

 

Abstract 

We obtained molecular markers useful for population level studies of the red-billed 

chough by screening partial genomic DNA libraries enriched for microsatellite repeats. 

We developed 11 microsatellite loci and genotyped 33 individuals from the populations 

of La Palma, in the Canary Islands. The loci had between 5 and 11 alleles and observed 

heterozygosities ranged from 0.333 to 0.878. All of these pairs of primers also 

successfully amplified DNA from the other congeneric species, the Alpine chough. 

These microsatellite markers will be useful to assess the genetic diversity of the species. 

 

Keywords: Chough, cross-amplification, microsatellites, Pyrrhocorax. 

 

The red-billed chough (Pyrrhocorax pyrrhocorax) is a corvid species with an ample 

pan-palerarctic distribution range, from western China eastwards through the 

Himalayas, Central Asia, Asia Minor and two isolated populations in Ethiopia, across 

southern Europe and British islands, west Maghreb and La Palma island in the Canary 

archipelago. Although the species is not threatened globally, it is declining in the 

westernmost part of its range. Current Western European populations are fragmented 

and several of them are decreasing in size, with some local extinctions. To analyse 

genetic diversity, population structure and mating system of this species, we isolated 

and characterized for polymorphism 11 microsatellite markers and tested them for 

cross-amplification in the Alpine chough (P. graculus). 

Genomic DNA was extracted from blood samples from 2 individuals following a 

phenol-chloroform extraction method (Sambrook et al. 1989). In constructing an 

enriched microsatellite library, we have followed Hamilton et al. (1999) starting from 
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50 µg of DNA that was digested in 5 independent reactions with 150 U of the restriction 

enzymes AluI, BspLI, Hpy8I, RsaI, BseLI, and NheI (Fermentas) and using both the 

biotin and DIG-labeled repetitions (CA)13, (GAT)8, (AGGT)7, (GATA)7  and 

(TGGA)7. Positive clones were sequenced on an ABI PRISM 3130xl Sequencer 

(Applied Biosystems) and primers were designed by eye. 11 primers pairs were tested 

with genomic DNA extracted from 33 individuals from the populations of La Palma, in 

the Canary archipelago. PCR mixture (10 µl) consisted of ~ 50 ng of genomic DNA, 

reaction buffer with 2mM MgCl2 (Biotools), 0.15 mM each dNTP (Biotools), 0.5 µM 

each primer and 0.5 U Taq polymerase (Biotools).  PCR were performed in a 2720 

(Applied Byosistems) thermal cycler using the following conditions: 2 min at 94°C, 

followed by 35 cycles of 94°C for 30s, annealing temperature (Table 1) for 30s and 

72°C for 30s, followed by an extension of 10 min at 72°C. The forward primer of each 

pair was 5’ labelled with VIC, PET, 6-FAM or NED (Applied Biosystem) and the 

fragments were electrophoresed on an ABI PRISM 3130xl Sequencer (Applied 

Biosystems). Allele sizes were determined according to 500 LIZ Size Standard and 

GeneMapper Software version 4.0 (Applied Biosystems).  
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Observed and expected heterozygosities and tests for Hardy-Weinberg equilibrium and 

linkage disequilibrium were performed in Arlequin version 3.5 (Excoffier et al. 2005). 

All loci were polymorphic, with 4 – 11 alleles per locus. Observed heterozygosities 

ranged from 0.333 to 0.878. All loci conformed to Hardy-Weinberg expectations and 

there was no evidence of genotypic disequilibrium after Bonferroni correction. Nine out 

of the eleven loci were also polymorphic in ten Alpine chough samples showing from 2 

to 13 alleles. These new set of microsatellite markers are to be added to the 17 

published by Wenzel et al. (2011). It is interesting that the mean heterozygosity 

observed in La Palma, an oceanic island population, is higher than the mean observed 

heterozygosity of any of the 11 Western Europe populations surveyed by Wenzel et al. 

(2012). This result prevents us consider that the population of La Palma island has its 

origin in a single migration event of a flock from mainland. The new microsatellite 

markers are of utility to find out something about the origin of the chough in La Palma, 

for studies of population genetics and conservation programs for their populations. 
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Morinha F., Clemente C., Cabral J.A., Lewicka M.M., Travassos P., Carvalho C., 

Dávila J.A., Santos M., Blanco G., Bastos E. (2016) Next-generation sequencing and 

comparative analysis of Pyrrhocorax pyrrhocorax and Pyrrhocorax graculus 

(Passeriformes: Corvidae) mitochondrial genomes. Mitochondrial DNA Part A, 27: 

2278-2281.  

 

 

Next-generation sequencing and comparative analysis of Pyrrhocorax pyrrhocorax 

and Pyrrhocorax graculus (Passeriformes: Corvidae) mitochondrial genomes  

 

Abstract  

The complete mitochondrial genomes of Red-billed Chough (Pyrrhocorax pyrrhocorax) 

and Yellow-billed Chough (Pyrrhocorax graculus) were sequenced using the Ion 

Torrent PGM platform. These mitogenomes contain 16889 bp (Red-billed Chough) and 

16905 bp (Yellow-billed Chough), including 13 protein-coding genes (PCGs), two 

ribosomal RNA (rRNA) genes, 22 transfer RNA (tRNA) genes and a control region (D-

loop). The gene content, orientation and structure is similar to a wide range of other 

vertebrate species and the nucleotide composition is very similar to other Passeriformes. 

All PCGs start with ATG, except for COX1 that starts with GTG, and four stop codons 

and one incomplete stop codon are used (TAA, TAG, AGG, AGA and T-). The size of 

PCGs is the same in both mitogenomes, except for ND6 that has one codon less in the 

Yellow-billed Chough. All the tRNAs can fold into a typical cloverleaf secondary 

structure. These mitogenomic data can be of great value in complementing forthcoming 

approaches on molecular ecology, comparative and functional genomics.  

 

Keywords: Pyrrhocorax pyrrhocorax; Pyrrhocorax graculus; next-generation 

sequencing; mitochondrial genome; gene annotation;  

 

 

Introduction  

The Red-billed Chough (Pyrrhocorax pyrrhocorax) and Yellow-billed Chough 

(Pyrrhocorax graculus) are the only two species of the genus Pyrrhocorax 
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(Passeriformes: Corvidae). Although widespread breeding birds in several countries of 

Europe, Africa and Asia, mostly in the Palaearctic and Oriental biogeographic regions 

(Madge and Burn, 1994; IUCN, 2013), these species have undergone a severe decline in 

some regions associated with persecution and/or habitat degradation, requiring 

management and conservation measures (Blanco et al. 1997; Kerbiriou et al., 2006; 

Stoyanov et al., 2008; Grubač and Velevski, 2011; De Sanctis et al. 2013; Jiménez et al. 

2013). Furthermore, little is known about its phylogeography (Wenzel et al., 2012) and 

evolution, although phylogenetic studies suggest an ancestral position among the 

Corvidae family (Cibois and Pasquet, 1999; Ericson et al., 2005). Thus, the analysis of 

the complete mitochondrial DNA sequences of these two species may allow the 

improvement of molecular research based on mitogenomic data. Additionally, these 

approaches could be important to assess population genetic diversity, structure and 

dispersal patterns (Winkelmann et al., 2013). In this context, the main goal of the 

present study was to sequence the complete mitochondrial genomes of Red-billed 

Chough and Yellow-billed Chough using a next-generation sequencing approach and to 

characterize its gene content, organization and nucleotide composition in a comparative 

analysis.  

 

Material and methods 

Sample collection and DNA extraction 

The DNA was isolated from blood samples of one Red-billed Chough captured and 

released in Portugal (29T_517820E_4377044N) and one Yellow-billed Chough 

captured and released in Morocco (30S_277286E_3964446N) using the Quick-gDNA 

MiniPrep kit (Zymo Research) according to manufacturer’s protocol. 

 

Long-range PCR amplification and isolation of complete mitochondrial genomes 

The complete mitochondrial genome for both chough species was amplified by long-

range PCR. Two primer pairs to generate long amplicons (Table 1) were selected based 

on the conserved nucleotide sequences of the known mitochondrial genomes of 

Corvidae species. All amplifications were performed in a volume of 20 μl containing 10 

μl of NZYLong2x Green Master Mix (Nzytech), 5 pmol of each primer and 20 ng of 

DNA. The reactions were executed in the Veriti 96 well thermocycler (Applied 

Biosystems), using an initial denaturation at 95ºC for 2 min; followed by 35 cycles of 
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denaturation at 95°C for 45 s, annealing at specific temperature (Table 1) for 45 s, and 

extension at 68°C for 8 min; and a final extension at 68°C for 10 min. The PCR 

products were separated by agarose gel electrophoresis (1% w/v) and purified using the 

Zymoclean Gel DNA Recovery Kit (Zymo Research) following the manufacturer’s 

instructions, with some modifications: DNA was recovered by two sequential elutions 

with 20 μl of elution buffer after incubation for 10 min at room temperature. An 

additional purification with the QIAquick PCR purification kit (Qiagen) was performed 

to improve the purity of the isolated fragments. The recommended protocol was 

followed and DNA was recovered with 15 μl of elution buffer after incubation for 10 

min at room temperature.   

 

Table 1. Primers used for the long-range PCR amplifications and isolation of Red-billed Chough (P. 

pyrrhocorax) and Yellow-billed Chough (P. graculus) complete mitochondrial genomes. 

Gene/Region Primers 
Amplicon 

length (bp) 

Ta (ºC) 

rrnS 

ND3 

mt1.1F: 5′-AGGGTCGGTAAATCCTGTGC-3′ 

mt1R: 5′-TAGGAAGAATCGAATTGAAAATGG-3′ 
~9450 58 

COX3 

rrnS 

mt2.1F: 5'-GAAGCAGCAGCTTGATACTGACA-3' 

mt2R: 5'-CCTTAGAGTTTTAAGCGTTTGTGC-3' 
~8100 62 

 

 

Next-generation (Ion Torrent) sequencing  

Mitochondrial genome sequencing was performed at STAB VIDA facilities (Lisbon, 

Portugal) and consisted of 3 steps: barcoded libraries construction (MuSeek Library 

Construction Kit, Thermo Scientific), template preparation (Ion PGM™ Template OT2 

Kit) and sequencing on Ion Torrent Personal Genome Machine (PGM, Life 

Technologies, Thermo Fisher). 

 

Sequence assembly and gene annotation 

A total raw data of 20.77 Mb was obtained on the sequencing run and was further 

analyzed with CLC Genomics Workbench v.6.5.1. Only high quality sequencing reads 

(Phred score ≥ 20) were used for de novo assembly. As a result two and three contigs of 

average coverage of 412 and 278 fold were obtained for Red-billed Chough and 

Yellow-billed Chough samples, respectively. The protein coding genes (PCGs), 

ribosomal RNA (rRNA) genes and the control region (D-loop) were annotated based on 
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reference sequences of the mitochondrial genomes of Corvidae species available in 

GenBank, using the Clustal Omega and NCBI Blast tools. The transfer RNA (tRNA) 

genes were identified using the tRNAscan-SE v1.21 (Schattner et al., 2005) and MITOS 

(Bernt et al., 2013). The base composition of the mitogenomes, codon usage, nucleotide 

and amino acid divergence of the PCGs were determined using MEGA6 (Tamura et al., 

2013). The mtDNA sequences were submitted to GenBank under the accession numbers 

KJ598622 (Red-billed Chough) and KJ598623 (Yellow-billed Chough).  

 

Results and discussion  

Genome organization, structure and composition  

The complete mitochondrial genomes of Red-billed Chough and Yellow-billed Chough 

are 16889 bp and 16905 bp long, respectively. The sequences are organized in 13 PCGs 

(ATP6, ATP8, COX1-3, ND1–6, ND4L, and CYTB), 22 tRNA genes, two rRNA genes 

(12S rRNA and 16S rRNA) and a non-coding control region (D-loop) (Table 2). The 

gene order and orientation of both mitogenomes follow the patterns observed in other 

Passeriformes (Mindell et al., 1998). Most of the genes are encoded on the heavy strand, 

except the ND6 gene and eight tRNA genes that are encoded on the light strand (Table 

2). The two mitogenomes have a total of 28 bp overlapping sequences (ranging from 1 

to 10 bp) in five different positions, with the longest overlap located between ATP8 and 

ATP6 (Table 2). Regarding the intragenic spacers, both mitogenomes include 18 

intergenic regions with some variations between them. Red-billed Chough mitogenome 

has intergenic regions ranging from 1 to 10 bp (total of 91 bp) with the largest region 

located between trnT and trnP (Table 2). For the Yellow-billed Chough, the intergenic 

spacers ranging from 1 to 13 bp (total of 93 bp) with the longest region being located 

between trnA and trnN (Table 2). The variations observed in the overlaps and spacers 

length were expected, considering the variability observed for these regions in 

mitochondrial genomes of birds and other vertebrate species (Slack et al., 2003; 

Labuschagne et al., 2014). The overall nucleotide composition of the Red-billed 

Chough (A: 30.97%, T: 25.40%, G: 14.64% and C: 28.99%) and Yellow-billed Chough 

(A: 31.23%, T: 25.44%, G: 14.42% and C: 28.91%) mitogenomes is very similar. These 

compositional patterns are similar to average values expected for bird mitogenomes 

(Powell et al., 2013). 
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Table 2. Organization of the mitochondrial genome of Red-billed Chough (P. pyrrhocorax) and Yellow-billed Chough (P. graculus). 

Gene Stranda  Position  Size (bp)  Start codon  Stop codon  Anticodon  Spacer (+)/Overlap (-) 

 Ppyrb Pgrab  Ppyr Pgra  Ppyr Pgra  Ppyr Pgra  Ppyr Pgra  Ppyr Pgra 

trnF H  1-70 1-70  70 70        GAA GAA  0 0 

rrnS H  71-1046 71-1045  976 975           0 0 

trnV H  1047-1116 1046-1115  70 70        TAC TAC  0 0 
rrnL H  1117-2724 1116-2717  1608 1602           0 0 

trnL2 H  2725-2799 2718-2792  75 75        TAA TAA  +9 +9 

ND1 H  2809-3786 2802-3779  978 978  ATG ATG  AGA AGA     +8 +8 
trnI H  3795-3868 3788-3862  74 75        GAT GAT  +5 +5 

trnQ L  3874-3944 3868-3938  71 71        TTG TTG  -1 -1 

trnM H  3944-4012 3938-4006  69 69        CAT CAT  0 0 
ND2 H  4013-5053 4007-5047  1041 1041  ATG ATG  TAG TAA     +5 0 

trnW H  5059-5128 5048-5117  70 70        TCA TCA  +1 +1 

trnA L  5130-5198 5119-5187  69 69        TGC TGC  +6 +13 
trnN L  5205-5277 5201-5273  73 73        GTT GTT  +2 +2 

trnC L  5280-5346 5276-5342  67 67        GCA GCA  -1 -1 

trnY L  5346-5416 5342-5412  71 71        GTA GTA  +1 +1 
COX1 H  5418-6968 5414-6964  1551 1551  GTG GTG  AGG AGG     -9 -9 

trnS2 L  6960-7032 6956-7027  73 72        TGA TGA  +4 +4 

trnD H  7037-7105 7032-7100  69 69        GTC GTC  +9 +9 
COX2 H  7115-7798 7110-7793  684 684  ATG ATG  TAA TAA     +1 +1 

trnK H  7800-7869 7795-7864  70 70        TTT TTT  +1 +1 

ATP8 H  7871-8038 7866-8033  168 168  ATG ATG  TAA TAA     -10 -10 
ATP6 H  8029-8712 8024-8707  684 684  ATG ATG  TAA TAA     +5 +5 

COX3 H  8718-9501 8713-9496  784 784  ATG ATG  T- T-     0 0 

trnG H  9502-9570 9497-9565  69 69        TCC TCC  0 0 
ND3 H  9571-9921 9566-9916  351 351  ATG ATG  TAA TAA     +1 +1 

trnR H  9923-9992 9918-9987  70 70        TCG TCG  +1 +1 

ND4L H  9994-10290 9989-10285  297 297  ATG ATG  TAA TAA     -7 -7 
ND4 H  10284-11661 10279-11656  1378 1378  ATG ATG  T- T-     0 0 

trnH H  11662-11731 11657-11726  70 70        GTG GTG  +1 +1 

trnS1 H  11733-11796 11728-11791  64 64        GCT GCT  0 0 

trnL1 H  11797-11867 11792-11862  71 71        TAG TAG  0 0 

ND5 H  11868-13685 11863-13680  1818 1818  ATG ATG  AGA AGA     +9 +9 

CYTB H  13695-14837 13690-14832  1143 1143  ATG ATG  TAA TAA     +3 +3 
trnT H  14841-14909 14836-14904  69 69        TGT TGT  +10 +10 

trnP L  14920-14989 14915-14984  70 70        TGG TGG  +9 +9 

ND6 L  14999-15520 14994-15512  522 519  ATG ATG  TAA TAA     0 0 
trnE L  15521-15592 15513-15584  72 72        TTC TTC  0 0 

D-loop -  15593-16889 15585-16905  1297 1321           0 0 
a Genes on the heavy strand (H) and light strand (L). 
b Species name abbreviated: Pyrrhocorax Pyrrhocorax (Ppyr) and Pyrrhocorax graculus (Pgra). 
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PCGs 

The total length of the 13 PCGs  is 11399 bp (Red-billed Chough) and 11396 (Yellow-

billed Chough). The longest gene (ND5, 1818 bp) and the shortest gene (ATP8, 168 bp) 

are common to both mitogenomes (Table 2). All the PCGs have the same corresponding 

length in the Pyrrhocorax mitogenomes except for ND6, which has one codon less in 

the Yellow-billed Chough mitogenome (Table 2). The ATG start codon is used in all 

PCGs except for COX1, which begins with GTG (Table 2). The most frequent stop 

codon is the TAA, although ND1 and ND5 end with AGA, ND2 ends with TAG (only 

in the Red-billed Chough), COX1 ends with AGG, COX3 and ND4 end with T- (Table 

2). The incomplete stop codons (e.g. T- and TA-) are frequent in mitochondrial 

genomes of birds and other vertebrates (Fernández-Silva et al., 2003; Slack et al., 2003). 

A plausible explanation for its presence is the post-transcriptional polyadenylation 

process, which adds 3’ A residues to the mRNA producing a TAA stop codon (Ojala et 

al., 1981). Relative synonymous codon usage in the Red-billed Chough (3799 codons) 

and Yellow-billed Chough (3798 codons) was analysed. The most frequently used 

amino acids are Leu (17.01%), Thr (8.20%), Ala (8.07%), Ile (7.94%), Ser (5.98%) for 

the Red-billed Chough, and Leu (17.01%), Thr (8.16%), Ile (8.11%), Ala (8.03%) and 

Ser (5.96%) for the Yellow-billed Chough, while the rarest amino acid is Cys (0.76% in 

both mitogenomes). These codon usage patterns are consistent among bird species (Kan 

et al., 2010; Ma et al., 2014). 

 

 rRNA and tRNA genes  

Both mitochondrial genomes contain a small subunit (rrnS, 12S rRNA) and a large 

subunit (rrnL, 16S rRNA) of rRNA located between trnF and trnL2, separated by trnV. 

The total length of these regions is 2584 bp and 2577 bp in Red-billed Chough and 

Yellow-billed Chough, respectively (Table 2).  

The two mitogenomes have 22 tRNA genes interspersed between rRNA (Table 2). The 

length of tRNA genes ranges from 64 bp (trnS1) to 75 bp (trnL2 in both mitogenomes 

and trnI only in the Yellow-billed Chough) with a total length of 1544 bp (Table 2). 

Only two tRNAs (trnI and trnS2) have different sizes between the two chough species 

at one nucleotide (Table 2). The tRNA clusters (IQM, WANCY and HSL) are 

conserved for the studied species, as well as for several vertebrate mitogenomes 
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(Pereira, 2000). All tRNA sequences can be folded into the “canonical” cloverleaf 

secondary structure.  

 

D-loop 

The D-loop has a regulatory role on the transcription and replication of the 

mitochondrial genomes (Saccone et al., 1991). For most vertebrate species, this non-

coding region is highly variable and A+T rich (Pereira, 2000). Following these patterns, 

the D-loop have a total size of 1297 bp with A+T=59.68 % (Red-billed Chough) and 

1321 bp with A+T=60.11 % (Yellow-billed Chough). This region is located between the 

trnE and trnF genes for both species (Table 2), as expected for most of avian species 

(Mindell et al., 1998).  

   

Conclusion  

This is the first report on the complete mitochondrial genomes for the Red-billed 

Chough and Yellow-billed Chough. The structure and features of both mitogenomes 

follows the patterns observed in most of the Passeriformes and other vertebrate species. 

The data presented can be useful as a basis or complement for (i) conservation genetic 

approaches, namely by supporting studies on phylogeography, population structure and 

dynamics, and (ii) comparative mitogenomics to study the composition, organization 

and function of mitochondrial genes.  
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High-resolution melting analysis for bird sexing: a successful approach 

to molecular sex identification using different biological samples  

 

Abstract  

High-resolution melting (HRM) analysis is a very attractive and flexible advanced post-

PCR method with high sensitivity/specificity for simple, fast and cost-effective 

genotyping based on the detection of specific melting profiles of PCR products. Next 

generation real-time PCR systems, along with improved saturating DNA-binding dyes, 

enable the direct acquisition of HRM data after quantitative PCR. Melting behaviour is 

particularly influenced by the length, nucleotide sequence and GC content of the 

amplicons. This method is expanding rapidly in several research areas such as human 

genetics, reproductive biology, microbiology and ecology/conservation of wild 

populations. Here we have developed a successful HRM protocol for avian sex 

identification based on the amplification of sex-specific CHD1 fragments. The melting 

curve patterns allowed efficient sexual differentiation of 111 samples analysed (plucked 

feathers, muscle tissues, blood and oral cavity epithelial cells) of fourteen bird species. 

Additionally, we sequenced the amplified regions of the CHD1 gene and demonstrated 

the usefulness of this strategy for the genotype discrimination of various amplicons 

(CHD1Z and CHD1W) which have small size differences, ranging from 2 bp to 55 bp. 

The established methodology clearly revealed the advantages (e.g. closed-tube system, 

high sensitivity and rapidity) of a simple HRM assay for accurate sex differentiation of 

the species under study. The requirements, strengths and limitations of the method are 

addressed to provide a simple guide for its application in the field of molecular sexing 

of birds. The high sensitivity and resolution relative to previous real-time PCR methods 
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makes HRM analysis an excellent approach for improving advanced molecular methods 

for bird sexing.  

Keywords: birds, molecular sex identification, real-time PCR, high-resolution melting 

analysis, CHD1 gene 

 

Introduction  

The improvement of the protocols for the rapid and accurate molecular sex 

identification of birds has great importance in several fields of avian biology research 

(e.g. ecological, evolutionary and behavioural studies; management of wild life species; 

and ex situ captive breeding programs) (Morinha et al. 2012). The introduction of real-

time PCR technologies for avian molecular sexing has clearly revolutionized the high-

throughput applicability of these genotyping protocols, increasing sensitivity and 

efficiency with a reduction in development time, labour and cost. In the last 5 years, 

different real-time PCR approaches for bird sexing have been reported, namely real-

time quantitative PCR (qPCR) using TaqMan probes (Chou et al. 2010; Rosenthal et al. 

2010), real-time PCR combined with melting curve analysis (Brubaker et al. 2010; 

Chen et al. 2012a) and real-time PCR followed by high-resolution melting (HRM) 

analysis (Morinha et al. 2011a). All these protocols were optimized based on the 

sequence variations of the chromodomain helicase DNA binding protein 1 (CHD1) 

gene. CHD1 was the first gene reported as a suitable sex-linked marker for molecular 

sexing of non-ratite birds (Griffiths et al. 1998). The CHD1 is highly conserved, 

however, it contains some intronic variations between CHD1Z and CHD1W sequences, 

which allow the selection of several specific primers for avian sexing based on the PCR 

amplification of these regions (e.g. Griffiths et al. 1998; Fridolfsson & Ellegren, 1999; 

Wang & Zhang, 2009; Wang et al. 2011). Generally, PCR products are resolved by 

agarose gel electrophoresis and fragments of the males (ZZ) and females (ZW) should 

migrate as one and two bands, respectively. Nevertheless, the high variability in 

nucleotide sequence and length between CHD1Z and CHD1W among different bird 

species may render sex identification difficult, due to the low resolving power of 

agarose electrophoresis (Griffiths et al. 1998; Ito et al. 2003; Jensen et al. 2003). The 

classical PCR-based methodologies presented as an alternative to this limitation are 
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time-consuming and laborious, reducing their high-throughput applicability (reviewed 

in Morinha et al. 2012). Real-time PCR techniques offer a simple, cost-effective and 

high-throughput environment for routine genotyping, avoiding the difficulties 

associated with reduced differences in the amplicon lengths between Z and W alleles 

observed in a wide range of avian species (e.g. Chang et al. 2008; Chou et al. 2010; 

Chen et al. 2012a). 

The continuous innovations in real-time PCR technologies and the improvement of the 

associated methodologies have been explored in several fields of the biological sciences 

(Valasek & Repa, 2005; Logan et al. 2009). Over the past few years the sensitivity, 

stability and data-acquisition performance of real-time PCR instruments, DNA-binding 

dye chemistry and data analysis software have clearly improved. These advances have 

enabled the development of a next generation technique for scanning sequence 

variations and genotyping based on DNA melt-curve profiles - high-resolution melting 

(HRM) analysis (Wittwer et al. 2003; Reed et al. 2007; Montgomery et al. 2010). This 

is a simple, rapid and cost-effective method based on the study of variations in the 

melting temperature (Tm) of a DNA duplex. The melting behavior of double-stranded 

DNA (dsDNA) molecules is determined by the length of the amplicons, GC content, 

nucleotide sequence and strand complementarity (Ririe et al. 1997). The HRM reactions 

require the presence of saturating dsDNA-binding dyes, which release the dye during 

the dsDNA denaturation and cause a decrease in the fluorescence intensity; thus, the 

melting data are collected by the real-time PCR equipment in the final step, with a 

gradual temperature increase until the complete denaturation of the fragments. The 

distinctive melting curve profiles can be used to detect single nucleotide variations, 

small insertions and deletions in the sequences studied without requiring any additional 

post-PCR handling (Montgomery et al. 2007; Reed et al. 2007; Taylor, 2009). 

Moreover, this non-destructive technique allows the subsequent analysis of the PCR 

products in other molecular procedures, such as DNA sequencing and electrophoresis 

(Vossen et al. 2009). The flexibility and advantages of HRM analysis relative to 

classical methods and probe-based genotyping assays makes it an attractive technique 

for a wide range of research domains with several applications in screening for human 

mutations (Li et al. 2011), DNA methylation studies (Wojdacz, 2012), plant breeding 



Annexes 

 
 

 
132 

  
  
 

(Han et al. 2012), animal breeding (Kyselová et al. 2012), microbiology (Ruskova & 

Raclavsky, 2011) and genotyping of wild populations (Henri & Mouton, 2012). 

HRM analysis is a powerful tool that has shown great potential for molecular sex 

differentiation of the common quail (Coturnix coturnix) and Japanese quail (Coturnix 

japonica) using the universal primers P2/P8 (Morinha et al. 2011a). To the best of the 

authors' knowledge, this is the only study addressing the direct applicability of a real-

time PCR protocol for molecular sexing of bird species with very small differences 

between the CHD1Z and CHD1W fragments (only 6 bp), without requiring the 

additional selection of novel sex-specific primers. In order to validate and expand the 

application of HRM analysis in the field of the molecular sex determination in birds it is 

crucial to verify the efficiency of these protocols in other species with diverse variations 

among the intronic regions of the Z and W alleles.  

The aim of the present study was to evaluate the applicability of HRM analysis for 

avian molecular sexing from different biological samples (plucked feathers, muscle 

tissues, blood and oral cavity epithelial cells), considering the variability in the 

amplicon length of CHD1Z and CHD1W characterized for the fourteen bird species 

analysed. Thus, the universal primers P2/P8 described for non-ratite species (Griffiths et 

al. 1998) were tested in order to optimize a rapid, efficient and inexpensive HRM 

protocol. 

 

Materials and methods 

Sample collection  

The 111 biological samples (plucked feathers, muscle tissues, blood and oral cavity 

epithelial cells) of fourteen bird species were obtained from captive and wild 

individuals, and opportunistic sampling of wild bird mortality events (i.e. from road-

killed carcasses and dead birds detected in surveys of collision fatalities at wind farms) 

(Table 1). The feathers were plucked from captive-bred individuals (Gallus gallus, 

Taeniopygia guttata, Neochmia ruficauda and Erythrura gouldiae) and injured birds 

(Strix aluco and Corvus corone) received from the Wild Animal Recovery Centre of the 

Veterinary Hospital of the University of Trás-os-Montes e Alto Douro (Vila Real, 

Portugal). Feathers were directly deposited into sterilized eppendorf tubes and frozen at 



Annexes 

 
 

 
133 

  
  
 

-20 ºC until DNA extraction. The muscle tissues of bird carcasses in relatively good 

post-mortem condition (Accipiter gentilis, Strix aluco, Apus apus, Alauda arvensis, 

Sylvia undata and Erithacus rubecula) and eight samples from A. arvensis in advanced 

stages of decomposition were collected during necropsy exams and conserved at -20 ºC. 

Whole blood samples (500 μl) of wild Pyrrhocorax pyrrhocorax juveniles captured in 

the nests with post-manipulation restitution were collected by venipuncture of the ulnar 

vein into 1.5 ml collection tubes containing lithium-heparin. The blood was then 

centrifuged at 350 g for 15 min at room temperature. Plasma and formed elements of the 

blood were isolated and stored frozen at -20 ºC. Oral cavity epithelial cells were 

collected from injured birds (Gyps fulvus and Hieraaetus pennatus) following the 

essential procedures for buccal swab sampling (Handel et al. 2006) and stored at -20 ºC. 

To validate the accuracy of the proposed methodology, all birds used in this work were 

sexed using classical techniques (Table 1). The sex of captive individuals was identified 

by morphology and endoscopy, while the sex of dead birds was characterized during the 

necropsy. The S. undata, E. rubecula and A. apus carcasses could not be sexed by 

necropsy; hence these individuals and samples of P. pyrrhocorax collected in the wild 

were sexed after DNA extraction, using classic molecular methodologies (Griffiths et 

al. 1998; Fridolfsson & Ellegren, 1999).  

  

DNA extraction   

The genomic DNA was isolated from plucked feathers and muscle tissues using a 

conventional salting out protocol. Thus, the feather calamus (2-10 mm) was cut off in 

small pieces and 20-25 mg of muscle was sliced with a scalpel immediately prior to 

DNA extraction procedures. Then, all samples were incubated at 55 ºC for 2-4 h on a 

thermal-shaker with 300 μl of lysis buffer [10 mM Tris (pH 7.5), 400 mM NaCl, 2 mM 

EDTA (pH 8.0)] (pH 7.3-7.5), 15 μl of 20% sodium dodecyl sulphate (SDS), 10 μl of 

1M dithiothreitol (DTT) (added only to feather samples) and 10 μl of 20 mg/ml 

proteinase K. When the tissues were completely digested and lysed, 100 μl of 6M NaCl 

(saturated solution) was added to the extraction mixture and samples were mixed 

thoroughly by vortexing for 10 s, followed by centrifugation at 8000 g for 15 min to 

precipitate the residual undigested tissues (feather and cellular debris). The supernatant 
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was transferred to a clean eppendorf tube and 800 μl of 100% ethanol was added to each 

sample, mixed thoroughly by vortexing for 10 s, and centrifuged at 8000 g for 5 min to 

pellet the DNA. DNA pellets were washed twice with 500 μl of 70% ethanol, followed 

by recentrifugation at 8000 g for 5 min. The pellets were completely air dried and 

resuspended in 100 μl of sterile nuclease-free water.  
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Table 1 Characterization of the species, samples and CHD1 amplicons analysed in this study, including the specific annealing temperatures optimized for HRM analysis.   

 

Ordera Familya Genus and Speciesa Common namea 
Sample 

provenance 
Sample type 

Initial sexing 

method 

Sample size 

and sexb 

Amplicon 

Length (bp)c 

GenBank  

ID 
Ta (ºC) 

            
Galliformes Phasianidae Gallus gallus Red Junglefowl captive individuals plucked feathers 

morphological 

characters 

2M CHD1Z  -  345 AF006659 
50 

2F CHD1W -  400 AF006660 
           

Falconiformes Accipitridae Gyps fulvus Griffon Vulture captive individuals 
oral cavity epithelial 

cells 
endoscopy 

1M CHD1Z  -  379  EU430641 
55 

3F CHD1W -  388 EU430640 

           
Falconiformes Accipitridae Hieraaetus pennatus Booted Eagle captive individuals 

oral cavity epithelial 

cells 
endoscopy 

1M CHD1Z  -  385  KC119391 
55 

3F CHD1W -  387  KC119392 

           
Falconiformes Accipitridae Accipiter gentilis Northern Goshawk road-killed birds muscle necropsy 

1M  CHD1Z  -  387 AB096144 
55 

1F CHD1W -  383 AB096143 

           
Strigiformes Strigidae Strix aluco Tawny Owl 

road-killed birds 

captive individuals 

muscle 

plucked feathers 

necropsy 

endoscopy 

6M CHD1Z  -  363 JX456399 
50 

7F CHD1W -  379 JX456400 

           
Apodiformes Apodidae Apus apus Common Swift 

wind turbine 
collisions 

muscle 
PCR with P2/P8 and 

2550F/2781R primers  
4M CHD1Z -  373 JX456401 

55 
1F CHD1W -  382 JX456402 

           
Passeriformes Corvidae Pyrrhocorax pyrrhocorax Red-billed Chough wild individuals 

formed elements of 
the blood 

PCR with P2/P8 and 
2550F/2781R primers 

12M CHD1Z  -  352 JX456403 
54 

11F CHD1W -  392 JX456404 

           
Passeriformes Corvidae Corvus corone Carrion Crow captive individuals plucked feathers endoscopy 

1M CHD1Z  -  353 GU370347 
50 

2F CHD1W -  389 GU370346 

           
Passeriformes Alaudidae Alauda arvensis Eurasian Skylark 

wind turbine 
collisions  

muscle necropsy 
1M CHD1Z  -  339 JX456405 

50 
1F CHD1W -  383 JX456406 

           
Passeriformes Sylviidae Sylvia undata Dartford Warbler 

wind turbine 
collisions 

muscle 
PCR with P2/P8 and 

2550F/2781R primers 
1M CHD1Z  -  358 JX456407 

55 
1F CHD1W -  383 JX456408 

           
Passeriformes Muscicapidae Erithacus rubecula European Robin road-killed birds muscle 

PCR with P2/P8 and 

2550F/2781R primers 

1M CHD1Z  -  356 JX456409 
55 

1F CHD1W -  374 JX456410 
           

Passeriformes Estrildidae Taeniopygia guttata Zebra Finch captive individuals plucked feathers 
morphological 

characters 

5M CHD1Z  -  355 AF006661 
48 

4F CHD1W -  389 AF006662 
           

Passeriformes Estrildidae Neochmia ruficauda Star Finch captive individuals plucked feathers 
morphological 

characters 

8M CHD1Z  -  355  KC119393 
55 

5F CHD1W -  389  KC119394 
           

Passeriformes Estrildidae Erythrura gouldiae Gouldian Finch captive individuals plucked feathers 
morphological 

characters 

11M CHD1Z  -  366 KC119395 
55 

14F CHD1W -  385 KC119396 

a All these names were described based on 2012 IUCN Red List categories and criteria (http://www.iucnredlist.org/). \ b Number of males (M) and females (F). \ c DNA fragments amplified with primers P2/P8  
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The DNA extraction from formed elements of the blood was carried out using the 

DNeasy Blood & Tissue Kit (Qiagen) according to manufacturer’s protocol for 

purification of total DNA from animal blood or cells (spin-column protocol), with some 

modifications. Briefly, 10 μl of formed elements of the blood were used in each 

extraction, and the incubation step was performed at 56 ºC for 2 h. After incubation the 

undigested residues (partially viscous) were removed with a pipette tip. DNA was 

collected by two sequential elutions with 100 ul of buffer AE.  

The DNA isolation from oral cavity epithelial cells was performed using the reagents of 

the DNeasy Blood & Tissue Kit (Qiagen), following the protocol for avian buccal 

swabs reported by Bush et al. (2005) based on the QIAamp DNA Micro Kit (Qiagen).  

The integrity of the genomic DNA was confirmed by 1% agarose gel electrophoresis. 

The purity and concentration of extracted DNAs were measured using a NanoDrop ND-

2000 spectrophotometer (Thermo Scientific). 

 

High-resolution melting analysis 

The universal primers P2 (5´-TCTGCATCGCTAAATCCTTT-3´) and P8 (5´-

CTCCCAAGGATGAGRAAYTG-3´) used in HRM analysis were described by 

Griffiths et al. (1998). PCR amplifications and HRM analysis were carried out on a 

CFX96 real-time PCR detection system (Bio-Rad). The reaction (10 μl) was performed 

in duplicate for each sample, containing 5 μl of SsoFast EvaGreen Supermix (Bio-Rad), 

3.2 pmol of each primer, and 20 ng of genomic DNA. The amplification protocol was 

composed of the following steps: initial denaturation at 95 ºC for 3 min followed by 40 

cycles of denaturation at 95 ºC for 10 s, specific annealing temperature (Ta) indicated in 

Table 1 for 20 s, and extension at 72 ºC for 15 s. This reaction was followed by two 

sequential stages of 95 ºC for 30 s and 60 ºC for 1 min to promote the heteroduplex 

formation. Melting curves of the PCR amplicons were then generated with temperatures 

ranging from 65 ºC to 95 ºC, with increments of 0.2 ºC at a rate of 10 s/step.  

The melting curve data were analysed with the CFX Manager™ (ver. 2.0, Bio-Rad) and 

Precision Melt Analysis™ (ver. 1.1, Bio-Rad). The melting profiles obtained were 

normalized by adjusting the pre- and post-melting regions, which were defined as 100% 

and 0%, respectively. The normalization of the curves is important to eliminating the 
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differences in background fluorescence. The software automatically clustered the data 

with similar melting profiles and attributed a confidence score to each sample. The 

classification of the clusters is influenced by the melt region selected and cluster 

detection parameters, which consist of the melt curve shape sensitivity (default value of 

50%) and Tm difference threshold (default value of 0.15 degrees). These settings were 

used in this study to analyse the melt curves obtained for all species; nevertheless these 

values can be manually modified according to specific requirements in the clustering 

stringency. Clustered samples of all species were displayed as fluorescence versus 

temperature plots (Fig. 1).  
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Fig. 1 Melting curve profiles obtained in the HRM analysis of the PCR products amplified with CHD1 

primers P2/P8. The normalized (upper graphic) and fluorescence difference (lower graphic) plots allowed 

the accurate sex-typing based on melting patterns observed for males (♂) and females (♀) of all species: 

(a) G. gallus, (b) G. fulvus, (c) H. pennatus, (d) A. gentilis, (e) S. aluco, (f) A. apus, (g) P. pyrrhocorax, 

(h) C. corone, (i) A. arvensis, (j) S. undata, (k) E. rubecula, (l) T. guttata, (m) N. ruficauda and (n) E. 

gouldiae. Each species presented a specific melting behaviour influenced by different sequence variations 

between CHD1Z and CHD1W introns.  

 

DNA purification and sequencing 

The PCR products obtained from one male and one female of the H. pennatus, S. aluco, 

A. apus, P. pyrrhocorax, A. arvensis, S. undata, E. rubecula, N. ruficauda and E. 

gouldiae were purified and sequenced, in order to determine the sequences of CHD1Z 

and CHD1W amplicons. The amplified fragments were separated by electrophoresis 

using a 3% agarose gel stained with ethidium bromide. These fragments were purified 

with QIAEX II Gel Extraction Kit (Qiagen) according to manufacturer’s instructions. 

The reduced size differences between CHD1Z and CHD1W female sequences from H. 

pennatus, S. aluco and A. apus did not allow the isolation of these fragments by agarose 
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gel electrophoresis. Thus, the amplified products of these individuals were resolved by 

non-denaturing PAGE with 16% polyacrylamide and 1% cross link, without 

temperature control, for 4 h at 60 V. The gel was silver-stained with PlusOne
 
DNA 

Silver Staining kit (GE Healthcare Life Sciences) following the manufacturer’s 

instructions. Purification of the fragments from the polyacrylamide gel was carried out 

according to the protocol developed by Morinha et al. (2011b). The purified products 

were re-amplified by PCR, treated with ExoSAP-IT (USB, Affymetrix) and sequenced 

directly at Stab Vida (Lisbon, Portugal).  

 

 

Results and discussion 

HRM analysis is a post-PCR method recently introduced for the molecular sex 

identification of birds (Morinha et al. 2011a). This next generation technique has great 

advantages relative to the classical molecular methods and conventional real-time PCR 

protocols for genotyping (Table 2). Nevertheless, its application for avian sexing needs 

to be explored and characterized. In this work, we studied the applicability of the HRM 

protocols for molecular sexing of fourteen bird species, comprising five orders and nine 

families (Table 1). We optimized a simple protocol for all species, while keeping the 

same conditions for the reaction mixture and amplification cycle, changing only the 

annealing temperature (Ta) according to species analysed (see Table 1). The melting 

curve profiles obtained were clustered into groups representing different genotypes 

(sequences), allowing precise sex differentiation of all samples (Fig. 1). To ensure the 

reproducibility of the results, after the optimization of HRM protocol, three independent 

real-time PCR assays were performed for all species under study. The melting curve 

behaviour was very similar and consistent between different PCR runs. The 

characteristic melting profiles obtained are the result of species- and sex-specific 

melting behaviour. The high variability in the CHD1Z and CHD1W sequences is the 

basis of these differences. Thus, the variations in the fluorescence patterns of males and 

females among the species analysed (Fig. 1) are a consequence of melting temperature 

differences of the CHD1 amplicons.  
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Table 2 Comparative description of the main advantages and limitations between the HRM methodology, classical PCR-based methods requiring electrophoresis 

procedures and fragment analysis by capillary electrophoresis based on their applicability in the field of molecular sexing of birds.  

General 

features  

Advantages / Limitations 

HRM analysis 
Classic  PCR-based methods followed by agarose and 

polyacrylamide gel electrophoresisa 

PCR followed by fragment analysis using  capillary  

electrophoresis techniques 

Easy of use + + 
Simple and easily understood method; User-friendly 

equipment and software;  
+ 

Differ between different  methods; Some techniques 

involve complex procedures;  
_
 

Expert technicians are required to operate and 

maintain the capillary sequencer; 

Development 

time 
+ + 

2-8 hours using a real-time or standard gradient 
thermocycler; closed-tube method; 

+ 
Considerably influenced by the method employed 
(ranging from several hours to days);  

+ Mainly influenced by the PCR optimization process; 

Intensiveness of 

labour 
+ + 

Reduced due to automated workflow and data 

acquisition;  
_
 

Moderate to high; All methodologies require post-PCR 
sample handling and/or specific treatments (e.g. 

restriction enzymes digestion); 
+ + 

Reduced; Automated workflow and data acquisition 
is a great advantage, although the post-PCR handling 

is required;  

Sensitivity + + Can easily genotype single-base sequence variations;  + 
Moderate with exception of  single-strand conformation 

polymorphism analysis (PCR-SSCP is a powerful 
method to detect single nucleotide variations); 

+ + 

GeneScan  approaches allow an efficient genotyping 

based on length/sequence differences of pre-
amplified DNA fragments; 

Reproducibility + + High reproducibility between different assays; + Affected by the genotyping method;  + + 
High reproducibility using a good quality PCR 

product;  

Large scale 

analysis 
+ + 

Rapid and accurate technique; Suitable for high-
throughput genotyping;  

_
 

Normally, laborious and time-consuming characteristics 
limit their high-throughput applicability;  

+ + 
Accurate methodology; Suitable for high-throughput 
genotyping; 

Sample 

quantity and 

quality  

+ 
Adequate quantity (generally 20 ng) of high or 

moderate quality gDNA is recommended;  
+ + 

Robust methods; Few nanograms of low quality gDNA 

may be sufficient;  
+ + 

Few nanograms of gDNA are sufficient, since it 

allows a specific and reliable PCR amplification;  

Equipment cost +
 HRM platforms and specific software are relatively 

expensive; 
+ + 

Acquisition of standard PCR and electrophoretic 

systems are less expensive;  
_
 

Acquisition and maintenance of a capillary sequencer 

is very expensive;  

Cost per 

reactionb 
+ 

Generally from 0.5 to 1.5$, depending on the PCR 

reagents utilized and reaction volume. 
+ 

Around 1$, influenced by the PCR reagents, reaction 

volume, post-PCR treatments and electrophoresis 
method.  

_
 

Around 10$, considerably influenced by number of 

samples analysed and reagents utilized;  

a 
Reviewed in Morinha et al. 2012; 

b 
DNA extraction method not included; 

_ 
fair, + good, + + excellent  
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To identify the sequence variations between the CHD1Z and CHD1W fragments 

amplified with the universal primers P2/P8, these regions were, as far as we know, 

sequenced for the first time in nine species (H. pennatus, S. aluco, A. apus, P. 

pyrrhocorax, A. arvensis, S. undata, E. rubecula, N. ruficauda and E. gouldiae) (for 

GenBank IDs see Table 1). The sequences of the amplicons for G. gallus, T. guttata 

(Griffiths et al. 1998), G. fulvus (Xirouchakis and Poulakakis, 2008), A. gentilis (Ito et 

al. 2003) and C. corone (Wang et al. 2010) have previously been published (for 

GenBank IDs see Table 1). After the analysis of these sequences we observed wide 

variation in amplicon lengths (Table 1).  

The HRM analysis was first applied for molecular sexing of the Coturnix spp. with 

variations of 6 bp between Z and W fragments amplified with primers P2/P8 (Morinha 

et al. 2011a). The differences in intron sizes amplified with these primers are relatively 

small in most avian species, ranging from <10 to 80 bp (Ito et al. 2003; Jensen et al. 

2003). Becságh et al. (2006) reported the successful application of HRM protocols for 

the detection of DNA sequence alterations of diverse sizes. In this study, we 

demonstrated the utility of HRM assays to bird sexing in species with a range of 

sequence variations from 2 bp (H. pennatus) to 55 bp (G. gallus). Furthermore, this 

methodology does not require the selection of additional primers and/or use of 

fluorescently labelled probes. Traditional real-time PCR combined with melting curve 

analysis has also been proposed for the molecular sexing of birds (Chang et al. 2008; 

Brubaker et al. 2010; Huang et al. 2011; Chen et al. 2012a). However, these protocols 

are less sensitive than HRM analysis, limiting the applicability of primer pairs that 

amplify fragments with small differences between CHD1Z and CHD1W (Morinha et al. 

2012). The reported HRM protocol is a successful alternative for avian sex 

differentiation, overcoming the limitations of prior methods and allowing the direct use 

of the universal and most utilized sex-linked primers (P2/P8). The advantages of this 

approach, when compared with the classical protocols involving agarose and 

polyacrylamide gels, as well as fragment analysis methods based on capillary 

electrophoresis (Table 2), make it a more suitable strategy for high-throughput 

environments. Our study demonstrates the accuracy and reproducibility of the HRM 

methodology for sexing a considerable diversity of bird species. However, in some 
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species only one male and female were genotyped, and although the optimized HRM 

assay clearly allowed the sex differentiation of these samples, we can not exclude the 

requirement of adjustments in the initial PCR conditions to get optimal results when 

more individuals are analysed.   

The biological samples (plucked feathers, muscle tissue, formed elements of the blood 

and oral cavity epithelial cells) were a good source of DNA for HRM analysis. The 

average yield and purity of the DNA extracted from plucked feathers (yield: 14.29 ± 

10.87 μg,  A260/280: 1.74 ± 0.16, A260/230: 1.30 ± 0.46), muscle tissue (yield: 28.44 ± 10.0 

μg,  A260/280: 1.89 ± 0.04, A260/230: 1.85 ± 0.21), formed elements of the blood (yield: 

10.15 ± 7.90 μg,  A260/280: 1.92 ± 0.20, A260/230: 1.04 ± 0.41) and oral cavity epithelial 

cells (yield: 3.58 ± 2.87 μg, A260/280: 1.93 ± 0.10, A260/230: 1.42 ± 0.67) were evaluated. 

The low A260/230 ratios observed in some cases and variations in both absorbance 

parameters between individuals of the same species did not influence the melting 

behaviour of these samples (data not shown). Nevertheless, the analysis of the protocol 

using degraded biological samples, collected from birds (A. arvensis) in advanced 

stages of decomposition did not allow us to achieve reproducible results. Although the 

DNA isolated from muscle tissue of these individuals had a good purity (yield: 19.37 ± 

7.24 μg, A260/280: 1.95 ± 0.07, A260/230: 2.02 ± 0.17), significant variations in the melting 

behaviour between samples of the same sex were observed (Fig. 2a,b).  
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Fig. 2 The results of an unsuccessful HRM analysis using DNA samples extracted from A. arvensis 

carcasses in advanced stages of decomposition. The normalized (a) and fluorescence difference (b) 

graphics did not allowed the sex differentiation of the five males and three females screened (grey 

curves); high variability in the melting patterns of these individuals were observed, when compared with 

a reference melting behaviour of good quality male (♂ - green curves) and female (♀ - red curves) 

samples. (c) Characterization of the genomic DNA utilized in this study; high molecular weight DNA 

(suitable for HRM analysis) extracted from P. pyrrhocorax (Ppyr) samples; high molecular weight DNA 

partially degraded (suitable for HRM analysis) isolated from N. ruficauda (Nruf) samples; and highly 

degraded DNA (not recommended for HRM analysis) obtained from A. arvensis (Aarv) samples. (d) 
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Agarose gel electrophoresis at 2.5% of the CHD1 fragments amplified by conventional PCR with P2/P8 

primers using DNA samples with different stages of degradation.   

After analysis of the DNA integrity, high degradation of these samples was evident 

(Fig. 2c). In these cases the molecular sexing of individuals was conducted using 

agarose gel electrophoresis (Fig. 2d), but the low quality of DNA proved to be 

unsuitable for HRM analysis. Based on the classification of post-mortem carcass 

conditions (Table 3), the DNA extracted from muscle tissues collected in the III and IV 

degrees of decomposition presented high levels of degradation.  

 

Table 3 Avian carcass condition: classification of stage of decomposition after post-mortem examination 

Degree Description 

I Carcass in good condition: fresh, suitable for complete pathology exam 

II Decomposed carcass but organs intact: autolysis noted on gross examination 

III Carcass in poor condition: advanced decomposition of internal organs 

IV Mummified carcass 

V Disarticulated bones with no soft tissue remaining 

 

 

Partially degraded DNA samples obtained from N. ruficauda feathers (Fig. 2c) were 

successfully used in the HRM analysis (Fig. 1m). The conventional PCR amplification 

using these A. arvensis and N. ruficauda samples generated specific bands of similar 

intensity (Fig. 2d). Apparently, the high degradation of A. arvensis DNA samples is not 

the unique factor interfering in the HRM sensitivity. The influence of co-extracted 

molecules (undetectable by nanodrop spectrophotometer) cannot be excluded. There are 

several PCR inhibitors associated to degraded and environmentally challenged samples 

(Opel et al. 2010; Hedman and Rådström, 2013). Some of the real-time PCR inhibitors 

affect only the detection of amplicons (known as fluorescence inhibitors) influencing 

the melting curve patterns (Opel et al. 2010; Hedman and Rådström, 2013). These 

fluorescence inhibitors do not decrease the efficiency of the PCR amplification but 

influence the reaction mechanisms of fluorescently labeled probes and dsDNA-binding 
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dyes. Therefore, the use of fresh tissues and/or properly stored samples with low 

degradation and a careful evaluation of the DNA integrity and quality are advised for 

HRM approaches. For best results it is recommended to use the same extraction 

protocol for all the samples; all DNA templates should have a similar quality and 

concentration in each HRM assay (variations in DNA purity and integrity can be critical 

factors for sensitivity and reproducibility of the HRM assays) and a reference control of 

one male and one female (for each species) should be included, preferably processed 

under the same conditions of the new samples. The optimized conditions for real-time 

PCR and HRM assays presented in this work may require some modifications, 

considering the possible variations in the ramp speeds between different thermocyclers 

(standard or real-time), ramp rates between HRM instruments and/or properties of 

dsDNA-binding dyes. Thus, the annealing, extension and melting acquisition 

parameters may have to be adjusted. In brief, the development and reproducibility of 

this methodology for molecular sexing of different bird species will have to take into 

account the high sequence variability of the CHD1Z and CHD1W introns and/or 

specific factors, such as DNA concentration and quality, real-time instrument 

performance and dsDNA-binding dyes. In optimal conditions it is possible to perform 

molecular sexing for a cost of about $1 per sample, combining a conventional protocol 

for DNA extraction and subsequent genotyping by HRM. 

Additionally, the HRM analysis may be a powerful tool for implementing innovative 

genetic markers for avian sexing. Next-generation sequencing methodologies are 

promising approaches for the development and screening of novel genetic markers 

(Thomson et al. 2010; Ekblom & Galindo, 2011). In fact, these techniques were 

recently applied in the detection of W-specific sequences in chicken (Chen et al. 

2012b). The great potential of these methods may lead to the development of novel sex-

linked markers in the near future. 

In conclusion, this work demonstrates the potential of HRM analysis for the 

improvement of avian molecular sexing protocols. This approach enabled the sexing of 

fourteen bird species, with significant variability in amplicons, requiring few 

optimizations. The simplicity, rapidity, low cost and high sensitivity/specificity make 

the HRM technique an excellent strategy for routine and large scale genotyping. 
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Therefore, we believe that these versatile advanced molecular methods and protocols 

will soon be implemented as an alternative to current methods for bird sexing, namely 

as important resources for studies on ecology, evolution and populations, as well as 

management, conservation and breeding programmes. 

Data Accessibility 

DNA sequences: GenBank accessions JX456399-JX456410 and KC119391-KC119396.  
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(R)evolution in the molecular sexing of ratite birds: identification and analysis of 

new candidate sex-linked markers   

 

Abstract 

The molecular methods for sex identification in birds are important resources 

commonly used in population studies, management and conservation plans, breeding 

programs and commercial poultry/farms. In the last years, advanced PCR methods 

based on melting curve analysis have been reported for Neognathae (non-ratite) birds. 

These genotyping strategies are simple, rapid, highly sensitive/specific and cost-

effective, allowing its high-throughput applicability. Nevertheless, the evolutionary 

divergence and ancestral state of the sex chromosomes in the Palaeognathae (ratite) 

birds hinder the utilization of the sex-linked markers developed for non-ratite species. 

Therefore, the current PCR-based protocols for ratite species are restricted to agarose 

and polyacrylamide gels. The screening of new candidate sex-linked markers is 

mandatory to implement advanced PCR-based approaches in the routine molecular 

sexing of ratites. In this study, the nucleotide sequences of the Ostrich Z and W 

gametologous genes were used for the identification of new potential sex-linked 

markers, considering the optimization of a molecular sexing protocol using the high-

resolution melting (HRM) analysis. Four candidate markers (NTRK2, RASEF, TMEM2 

and DAPK1) were characterized for four ratite species (Ostrich, Greater Rhea, Emu and 

Southern Cassowary). The male and female genotypes identified were accurately 

differentiated based on specific melting curve profiles generated. The discussion of the 

polymorphic patterns obtained and their influence on the reliability of molecular sexing 

are complemented with an overview of the classical PCR-based methods for ratite birds. 

This study highlights the potential and usefulness of the recently available genomic data 
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for ratite sex chromosomes to identify new candidate sex-linked markers with simple in 

silico approaches.   

 

Keywords: bird sexing; ratites; PCR-based methods; candidate genes; HRM analysis 

 

1. Introduction 

The ratites are flightless birds of the superorder Palaeognathae that includes species 

such as Ostriches (Africa), Emu (Australia), Rheas (South America), Cassowaries (New 

Guinea and nearby islands, and north-eastern Australia) and Kiwis (New Zealand) 

(Dyke and Leonard, 2012). The conservation status of these species (Table 1) indicates 

that most of them require the implementation of urgent management actions in the 

scope of pertinent conservation strategies. Some management programs concerning 

ratite birds have been developed in the last years, mainly for Kiwi species (Robertson et 

al., 2011; Robertson and Monchy, 2012). The Ostrich and Emu, the only two ratite 

species with a “least concern” (LC) conservation status, are also managed due to their 

high commercial and farming value, namely for the production of meat, eggs, feathers, 

hides and oils (Carbajo, 2006; Sales, 2007).  

In this context, the capacity to differentiate the sex of ratite birds is of great interest to 

improve population studies, breeding and conservation strategies, particularly for 

juvenile birds and/or species without sexual dimorphism (Hinckley et al., 2005; Rossi 

Fraire and Martella, 2006; Dash et al., 2010).  
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 Table 1 Characterization of the living ratite species, their conservation status and current PCR-based methods used for sex identification

Familya Genus and Speciesa Common namea 
Conservation 

statusa 

Current PCR-based methods  

DNA marker identification method 

/routine genotyping technique 
References 

       

Struthionidae Struthio camelus Ostrich Least Concern RAPD/PCR and agarose gel 

Bello and Sánchez, 1999; Huynen et al., 2002; 

Malagó Jr et al., 2002; Mine et al., 2002; Hinckley et 

al., 2005; Malagó Jr et al., 2005; Wu et al., 2006; 

Huang and Huang, 2008; Alipanah et al., 2010 

       
Struthionidae 

Struthio 
molybdophanes 

Somali Ostrich Vulnerable - - 

       
Rheidae Rhea americana Greater Rhea Near Threatened RAPD/PCR and agarose gel Huynen et al., 2002 

       
Rheidae Rhea pennata Lesser Rhea Least Concern RAPD/PCR and agarose gel Rossi Fraire and Martella, 2006 

       
Rheidae Rhea tarapacensis Puna Rhea Near Threatened - - 

       
Dromaiidae 

Dromaius 
novaehollandiae 

Emu Least Concern RAPD/PCR and agarose gel 
De Kloet, 2001; Huynen et al., 2002; Dash et al., 

2010 

       
Casuariidae Casuarius casuarius 

Southern 

Cassowary 
Vulnerable RAPD/PCR and agarose gel Huynen et al., 2002 

       
Casuariidae 

Casuarius 

unappendiculatus 

Northern 

Cassowary 
Vulnerable - - 

       
Casuariidae Casuarius bennetti Dwarf Cassowary Near Threatened - - 

       

Apterygidae Apteryx mantelli 
Northern Brown 

Kiwi 
Endangered 

RAPD/PCR and agarose gel  

PCR and polyacrylamide gel (based on 

CHD1 gene) 

Huynen et al., 2002; Huynen et al., 2003;  
Huynen et al., 2006 

       
Apterygidae Apteryx australis 

Southern Brown 

Kiwi 
Vulnerable RAPD/PCR and agarose gel Huynen et al., 2003 

       
Apterygidae Apteryx rowi Okarito Kiwi Endangered - - 

       
Apterygidae Apteryx haastii 

Great Spotted 

Kiwi 
Vulnerable RAPD/PCR and agarose gel Huynen et al., 2003 

       
Apterygidae Apteryx owenii 

Little Spotted 
Kiwi 

Near Threatened RAPD/PCR and agarose gel Huynen et al., 2003 

 

a Based on 2014 IUCN Red List categories and criteria (http://www.iucnredlist.org/).  
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The application of molecular techniques for bird sexing has increased in a wide range of 

research domains (e.g. ecological, behavioural and veterinary studies) and commercial 

applications (Morinha et al., 2012). Several polymerase chain reaction (PCR)-based 

methods have been successfully optimized for avian molecular sexing using different 

molecular markers (reviewed in Morinha et al., 2012). Most of the sex-linked markers 

have been developed considering the divergence in the nucleotide sequences between Z 

and W chromosomes (Griffiths et al., 1998; Fridolfsson and Ellegren, 1999; Morinha et 

al., 2012). The chromodomain helicase DNA-binding protein 1 (CHD1) gene is the 

main sex-linked marker for molecular sexing of Neognathae (non-ratite) birds (Morinha 

et al., 2012). Nevertheless, the similar sequences between the CHD1Z and CHD1W 

gene copies in some ratite species hinder the application of the usual molecular sexing 

protocols reported for non-ratite birds (Griffiths et al., 1998; Kahn et al., 1998; 

Fridolfsson and Ellegren, 1999). In fact, the ratites’ Z and W chromosomes are closer in 

certain characteristics to what is thought to be the ancestral state., where Z and W has 

similar sizes, recombine along most of their length and are largely homomorphic (Mank 

and Ellegren, 2007; Nishida-Umehara et al., 2007). Despite these characteristics, there 

are some studies where the random amplified polymorphic DNA (RAPD) method was 

used to detect and isolate female-specific sequences (corresponding to W chromosome) 

and to propose specific markers for sex differentiation of ratites (see Table 1). However, 

all of the current methods for molecular sexing of ratites are based on agarose or 

polyacrylamide gel techniques (Table 1).  

Advanced PCR-based methods have been reported for Neognathae birds based on 

melting curve analysis (e.g. Huang et al., 2011; Chen et al., 2012; Morinha et al., 2013; 

Faux et al., 2014). High-resolution melting (HRM) analysis is an advanced post-PCR 

method recently introduced in molecular sex differentiation of non-ratite bird species 

(Morinha et al., 2011a; Chapman, 2012; Morinha et al., 2013; Faux et al., 2014). This 

procedure is a simple, rapid, cost-effective and non-destructive (PCR products can be 

subsequently analysed using other techniques, e.g. electrophoresis and DNA 

sequencing) genotyping method based on the detection of variations in the melting 

profiles of the amplicons (Reed et al., 2007; Taylor, 2009; Vossen et al., 2009). 

Through this technique it is possible to detect single-nucleotide polymorphisms, small 
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insertions and deletions depending on the length, content, nucleotide sequence and 

strand complementarity of the DNA fragments analysed (Montgomery et al., 2010). The 

flexibility, high sensitivity/specificity and high-throughput applicability make HRM 

analysis an excellent alternative to classical methods and probe-based genotyping (Reed 

et al., 2007). The current HRM protocols for bird sexing were developed based on 

sequence variations of the CHD1 gene, which limits its applicability at least to some 

ratite species. The characterization of novel sex-linked markers for ratites is of great 

interest to simplify and improve the reproducibility and reliability of molecular tests for 

sex differentiation. Recently, the Ostrich transcriptome were sequenced using next-

generation sequencing (NGS) methodologies, and the gene content of Z and W 

chromosomes and nucleotide variations among gametologous gene pairs were 

characterized (Adolfsson and Ellegren, 2013; Yazdi and Ellegren, 2014). These NGS 

approaches provide large amounts of genetic data useful for the screening and 

development of novel molecular markers (Thomson et al., 2010; Davey et al., 2011; 

Ekblom and Galindo, 2011). In this study, the potential of genomic data available for 

Ostrich Z and W chromosomes were explored in order to find and characterize novel 

candidate sex-linked genes for Ostrich and other ratite species. This approach was 

developed considering the introduction of HRM analysis in molecular sexing protocols 

for ratite species. Four primers pairs to amplify specific coding sequences of different 

genes (TMEM2, DAPK1, RASEF and NTRK2) and corresponding HRM conditions are 

reported. In this context, the main goal is to provide a general overview of the classical 

molecular methods for sex differentiation in ratites taking into consideration the 

usefulness of developing new sex-linked markers.  

  

2. Materials and methods 

 

2.1. Sample collection and DNA extraction   

A total of 81 plucked feather samples from captive individuals of four ratite species 

[Ostrich Struthio camelus (34 males and 20 females), Greater Rhea Rhea americana 

(one male and two females), Emu (15 males and 7 females) and Southern Cassowary 

Casuarius casuarius (one male and one female)] were collected in one animal reserve, 
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two Portuguese Zoos and seven poultry farms. The genomic DNA was isolated using a 

conventional salt extraction protocol (Morinha et al., 2013).   

 

2.2. Selection and characterization of novel candidate sex-linked markers 

The Ostrich transcriptome sequencing and analysis allowed the characterization of 

several genes with nucleotide variations in the coding sequences between Z and W 

chromosome gene copies (Yazdi and Ellegren, 2014). These polymorphic patterns were 

the basis for the identification of new candidate markers for molecular sexing of ratite 

birds. Thus, the selection of the gene regions and specific primers included the 

following steps: (i) identification of exons with conserved regions between Ostrich Z 

and W chromosomes and the Z-linked chicken ortholog using the Ensembl genome 

browser and previously published data (Yazdi and Ellegren, 2014). The selection of 

primers in the conserved regions of Ostrich and chicken chromosomes increases the 

chances of a successful PCR amplification in other ratite species; (ii) screening of the 

exons that includes nucleotide variations among Ostrich Z and W chromosomes flanked 

by the conserved regions identified; (iii) evaluation of the feasibility to select primers 

for amplification of these fragments. In the positive cases, the quality of primers and 

amplicon lengths (small amplicons are more suitable for HRM analysis) were analysed. 

These procedures were carried out using the software Beacon Designer v.7.92 

(PREMIER Biosoft International, http://www.premierbiosoft.com).  

The in silico analysis allowed the identification of one exon in four recombinant gene 

that have a W-specific gametologs (NTRK2 - BDNF/NT-3 growth factors receptor, 

RASEF - RAS and EF-hand domain containing, TMEM2 - transmembrane protein 2 and 

DAPK1 - death-associated protein kinase 1) with a potential applicability for molecular 

sexing of ratite species. The Z and W alleles of these new candidate sex-linked markers 

were amplified using specific primers (Table 2) and the PCR products were sequenced 

for all species under study.  

 

 

Table 2 Primers used in the PCR amplification and sequencing of the new candidate sex-linked markers 

for ratite birds.    
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PCR were performed in a reaction mixture of 20 μl, containing 10 μl of 2x MyTaq HS 

Mix (Bioline), 5 pmol of each primer and 20 ng of genomic DNA. The amplification 

protocol were carried out in the thermocycler Biometra T-Gradiente using an initial 

denaturation at 95ºC for 5 min followed by 30 cycles of denaturation at 95ºC for 30 s, 

annealing at 58ºC (for all genes) for 1 min, extension at 72ºC for 30 s, and a final 

extension at 60ºC for 10 min. PCR products were analysed by electrophoresis on 1.5 % 

agarose gels stained with UView 6x loading dye (Bio-Rad), purified with Illustra 

ExoStar 1-Step (GE Healthcare) and bi-directionally sequenced at Stab Vida (Lisbon, 

Portugal). The partial coding sequences of the NTRK2 gene were submitted to GenBank 

under the accession numbers KM034564-KM034568 and KR140085. The remaining 

sequences of the Z and W gametologous genes are presented as supplementary material 

because GenBank does not accept sequences shorter than 200 bp (for supporting 

material see appendix I).  

   

2.3. High-resolution melting analysis 

PCR amplifications and HRM analysis of the four sex-linked markers were carried on a 

96-well PikoReal real-time PCR system (Thermo Scientific) using specific primers (see 

Table 2). The reaction mixture (10 μl) was performed in duplicate for each sample, 

containing 5 μl of Luminaris Color HRM Master Mix (2X) (Thermo Scientific), 5 pmol 

of each primer and 20 ng of genomic DNA. The PCR protocol consisted of an initial 

denaturation at 95 °C for 10 min followed by 40 cycles of denaturation at 95°C for 10 s, 

specific annealing temperature (Ta) indicated in Table 3 for 20 s, and extension at 72°C 

for 15 s. This reaction was followed by two sequential steps of 95°C for 30 s and 60°C 

Gene Primers 
Amplicon 

length (bp) 

 

NTRK2 
Forward: 5’- CATTCACTGTGAAAGGGAAC-3’ 

Reverse: 5’- GACATGAAATGAGCATCAAC-3’ 
229 

 

RASEF 

 

Forward: 5’- ACAAGAGCAAGTCAGTGTTC-3’ 

Reverse: 5’- GCAATGGCTAAGGTTTCCAT-3’ 
138 

 

TMEM2 

 

 

Forward: 5’- GGTCACAGTTATTGCTCATC-3’ 

Reverse: 5’- CTGAGTTGTGCCACACTTTG-3’  
180 

 

DAPK1 
Forward: 5’- CTTGGCATGGCTACTACTC-3’ 

Reverse: 5’- GTTGCATCAAGGTCAGCTC-3’  
163 
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for 1 min in order to promote heteroduplex formation. Melting analysis was performed 

with data acquisition from 65ºC to 95ºC, with increments of 0.2ºC at a rate of 10 s/step.  

Table 3 Specific annealing temperatures (Ta) optimized for HRM analysis. 

Species 

Genes (Sex-linked markers) 

NTRK2 RASEF TMEM2 DAPK1 

Ta (ºC) Ta (ºC) Ta (ºC) Ta (ºC) 

     
Ostrich  

(Struthio camelus) 
60 64 64 60 

     
Greater Rhea 

(Rhea americana) 
60 - 58 62 

     
Emu 

(Dromaius novaehollandiae) 
- 58 58 - 

     
Southern Cassowary 

(Casuarius casuarius) 
- 58 58 - 

 

The melting curve data were analysed with the PikoReal software v.2.2 (Thermo 

Scientific). Melting profiles were normalized by adjusting the pre- and post-melting 

regions. Samples with similar melting profiles were automatically clustered using the 

default clustering algorithm settings (sensitivity 50%, manually adjusted temperature 

range) or increasing the sensitivity value whenever necessary. Representative HRM 

profiles of all species were displayed as fluorescence vs. temperature plots. 

 

 

3. Results and discussion 

 

3.1. Classical PCR-based methods for molecular sexing of ratites: an overview 

The characteristic evolutionary pattern of the sex chromosomes in ratites have hindered 

the applicability of the classical and most useful sex-linked markers developed based on 

differences of Z and W chromosomes of non-ratite species (Griffiths et al., 1998; 

Fridolfsson and Ellegren, 1999). Therefore, a number of studies have proposed and 

described specific sex-linked markers for ratites (see Table 1) with a particular focus on 

Ostrich, a species with great commercial interest (Carbajo, 2006). The female specific 

sequences (W-linked) reported in thirteen studies were developed using a random 

amplified polymorphic DNA (RAPD) method (Table 1). The development of sex-linked 

markers using RAPD can be a complex and laborious task, and these markers are 

usually species-specific (Morinha et al., 2012). Nevertheless, after the isolation and 
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characterization of these sequences specific primers are selected and the molecular 

sexing is carried out using PCR followed by agarose gel electrophoresis. Only in one 

study a sex-linked marker for sex differentiation of all ratite species was proposed 

(Huynen et al., 2002) despite the evidence that the specific primers used do not allow an 

accurate/universal sex identification, such as the case of Southern Brown Kiwi (Apteryx 

australis) (Huynen et al., 2003). In fact, a new primer set were selected to overcome 

these limitation (Huynen et al., 2003), which demonstrates a variable sensitivity and 

reproducibility of these markers among the different ratite species.  

 The unique alternative sexing method to markers developed based on RAPD was 

reported for New Zealand’s endangered kiwi Apteryx spp. (Huynen et al., 2006). 

Curiously, this method was developed taking into account a different migration pattern 

of the Z and W fragments amplified with P2 and P8 primers in polyacrylamide gels. 

This primer set amplify an intron of the CHD1 gene that differs in length and/or 

nucleotide sequence between CHD1Z and CHD1W alleles (Griffiths et al., 1998). The 

CHD1 is a “universal” sex-linked marker commonly utilized in the sex differentiation 

of non-ratite birds (Morinha et al., 2012). In fact, the sex identification of several non-

ratite species using the P2 and P8 primers were performed using polyacrylamide gels 

and single strand conformation polymorphism (SSCP) approaches due to reduced length 

variation among CHD1Z and CHD1W sequences (Griffiths et al., 1998; Ramos et al., 

2009; Morinha et al., 2011b; Reis et al., 2011). These fragments differ only in 3 bp in 

the Kiwi, presenting various nucleotide variations which allowed the selection of a new 

primer (kCHDW) that was combined with primer P2 to amplify a female specific 

fragment (Huynen et al., 2006). Nevertheless, in Ostrich this CHD1 intron has the same 

length and nucleotide sequence in the Z and W chromosomes, thus not providing 

accurate sex identification in this species (Griffiths et al., 1998; García-Moreno and 

Mindell, 2000), and evidencing the different evolutionary patterns of the CHD1 gene 

among ratite species. To our best knowledge, the advanced PCR-based protocols for 

avian molecular sexing based on melting curve analysis have not been tested in ratite 

species and the available sex-linked markers limit the applicability of these 

methodologies. Therefore, the development of new markers is essential for the 

improvement of the molecular methods for sex identification in ratites.    
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3.2. Novel candidate sex-linked markers  

The application of next-generation sequencing techniques are rapidly increasing in the 

studies involving wildlife species (Cosart et al., 2011; Cahais et al., 2012; Wang et al., 

2014). Consequently, the genomic data released in genome browsers are excellent 

resources for comparative genomics and for the discovery and improvement of genetic 

markers (Batley and Edwards, 2009; Lee et al., 2012; Pavey et al., 2012). Therefore, 

this study presents a simple approach for identification of sex-linked markers through 

the analysis of genetic data available for Ostrich Z and W chromosomes (Yazdi and 

Ellegren, 2014). The screening and selection of potential markers for sex differentiation 

of ratite species were performed considering its cross-species applicability and the 

implementation of innovative protocols based on HRM analysis. The nucleotide 

variations between Z and W gene copies of four candidate sex-linked markers (NTRK2, 

RASEF, TMEM2 and DAPK1) were characterized for four ratite species (Ostrich, 

Greater Rhea, Emu and Southern Cassowary). 

 

3.2.1. Sequencing and characterization  

The characterization of the Z and W amplicons was performed taking into account the 

heterozygous patterns observed in the sequencing results from male and female samples 

(Figure 1).  
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Figure 1 Representative sequencing chromatograms of the four genotypic patterns obtained in the 

characterization of the nucleotide variations present in the amplicons generated in males (♂) and females 

(♀) of four ratite species using new candidate sex-linked markers. The heterozygous bases (highlighted 

with an arrow) between homologous sex chromosomes were used in the differentiation of Z and W 

sequences, when possible: a) result that allows the accurate characterization of the female-specific (W-

specific) sequence; b) the homozygous genotype in both male and female influences the accurate 

description of the W sequence; c) the heterozygous sequence allowed the differentiation of two Z gene 

copies (Z1 and Z2) in male and the homozygous pattern hindered the distinction of W homologous in 

female; d) the heterozygous bases at the same position allowed the genotyping of different Z alleles ( Z1 

and Z2) but difficult the accurate genotyping of the W allele at these position.  

 

 

A total of four different patterns were detected between the three species and four 

markers analysed, namely homozygous male/heterozygous female (Figure 1a), 

homozygous male/homozygous female (Figure 1b), heterozygous male/homozygous 

female (Figure 1c) and heterozygous male/heterozygous female for the same position 

(Figure 1d). All Z and W genotypes were successfully attributed except when females 
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had a homozygous result, which does not allow a reliable genotyping of the W 

chromosome. This result can be justified by (i) the Z and W gene copies have the same 

sequence; (ii) the W allele has nucleotide variations in the primer binding sites that 

affect the PCR amplification; or (iii) the gene copy is not present in the W chromosome.   

 As expected, the Z and W sequences of all genes were successfully characterized 

for the Ostrich (Figure 2). There are various nucleotide variations among these specific 

sequences of the Z and W alleles. The sequences obtained for the four genes analysed 

coincide with the previously reported data (Yazdi and Ellegren, 2014). This result 

indicates a possible high degree of conservation in these exonic regions in the Ostrich. 

Nevertheless, in the DAPK1 gene two different copies of the Z allele (described as Z1 

and Z2) were identified (Figure 2d). These sequences differ only in one nucleotide but 

may influence the sex differentiation in the HRM assays (discussed below). Variations 

in the sequences of the Z chromosome genes appear to be frequent in other sex-linked 

markers and this characteristic may limit or influence the applicability of molecular 

sexing protocols in some species (Dawson et al., 2001; Schroeder et al., 2010; Eilers et 

al., 2012).  

The cross-species analysis of the new markers when applied to the Greater Rhea, Emu 

and Southern Cassowary had different results. In the Greater Rhea, three distinct 

situations were observed after sequencing the Z and W fragments. Both Z and W 

sequences were successfully characterized for NTRK2, TMEM2 and DAPK1 genes 

(Figure 2a, c, d). Nevertheless, for the Z chromosome two different gene copies (Z1 and 

Z2) of the TMEM2 and DAPK1 genes were identified (Figure 2c, d). These two cases 

are similar to that observed in the Ostrich for DAPK1 gene but the polymorphic pattern 

is distinct. The Greater Rhea females are homozygous for TMEM2 gene, which does 

not allow the differentiation between the Z and W sequences (Figure 2c). The DAPK1 

sequences have one nucleotide variation (C/T) present in heterozygous form at the same 

position in both male and female’s samples, hindering the accurate base attribution to W 

allele (Figure 1d). In the RASEF gene only one sequence without variations between 

males and females was obtained (Figure 2b), which preclude the application of this 

marker in the molecular sexing protocols. Similarly, the NTRK2 and DAPK1 fragments 

presented the same sequence in both gametologous genes in the Emu and Southern 
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Cassowary (Figure 2a, d). For the RASEF and TMEM2 genes, the differentiation of Z 

and W copies was achieved based on the characteristic nucleotide variations (Figure 2b, 

c).  

 

3.2.2. High-resolution melting (HRM) analysis 

The application of HRM protocols using the proposed candidate markers for molecular 

sexing of ratites was easily optimized using a standard amplification cycle, modifying 

only the annealing temperature (Ta) according to species and marker tested (see Table 

3).  

The HRM analysis of the NTRK2 amplicons was performed for Ostrich and Greater 

Rhea. The melting curve profiles allowed a precise differentiation of the male and 

female samples (Figure 3a, b). Regarding this marker, the Emu and Southern Cassowary 

has the same sequence in both W and Z gene copies (Figure 2a), which precluded the 

applicability of HRM analysis for sex differentiation.  

The characteristic melting profiles obtained using the RASEF marker allowed an 

accurate sex differentiation in the Ostrich, Emu and Southern Cassowary (Figure 3c, d, 

e). The HRM approach is not applicable to Greater Rhea since no variations in the 

RASEF sequences were detected (Figure 2b).  

Regarding TMEM2, the HRM analysis was successfully applied to all species under 

study. The melting curve profiles showed the expected differences between males and 

females in all samples (Figure 3f, g, h, i). Nevertheless, the characteristic pattern 

observed in the Greater Rhea is related to a heterozygosity of the Z allele (Z1/Z2) 

detected in males (Figure 2c). The TMEM2 sequences are homozygous in the Greater 

Rhea females (Figure 2c).  
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Figure 2 Partial coding sequences of the NTRK2 (a), RASEF (b), TMEM2 (c) and DAPK1 (d) genes 

characterized for the Z and W chromosomes in the Ostrich (Scam), Greater Rhea (Rame), Emu (Dnov) 

and Southern Cassowary (Ccas). The intraspecies variations between Z and W sequences are boxed and 

the interspecies variations are indentified with an arrow. The unique undefined base (Y) at position 122 of 

the DAPK1 sequence (Rame_W) is highlighted.  
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Figure 3 Melting curve profiles obtained in the HRM analysis of the four candidate sex-linked markers. 

When applicable, the normalized (upper graphic) and fluorescence difference (lower graphic) plots 

allowed the accurate differentiation of all male (♂) and female (♀) genotypes characterized in the NTRK2 

(a, b), RASEF (c, d, e), TMEM2 (f, g, h, i) and DAPK1 (j, k)  
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The DAPK1 marker is the more complex case among the four candidate sex-linked 

markers analysed. The heterozygosity of the Z allele (Z1/Z2) was identified in the 

Ostrich and Greater Rhea and the Emu and Southern Cassowary exhibit the same 

nucleotide sequences in males and females (Figure 2d). Therefore, the HRM approach 

could be tested only for Ostrich and Greater Rhea. The results of the HRM assay 

originated three characteristic patterns in the melting curve profiles (Z1/Z1, Z1/Z2 and 

Z1/W) in the Ostrich (Figure 2j). Clearly, the high sensibility of the HRM analysis 

allowed the differentiation of a class 3 SNP between the Z homozygous (G/G) and Z 

heterozygous (C/G) individuals. In the Greater Rhea, the melting curve profiles of the 

DAPK1 amplicons allowed an accurate identification of males and females samples 

(Figure 3k). Nevertheless, the male sample is heterozygous (Z1/Z2) and the melting 

curve patterns using homozygous samples can be different.  

This work demonstrates the high sensitivity of the HRM methodology for the detection 

of single nucleotide variations among gametologous genes of ratite chromosomes. All 

the candidate sex-linked markers characterized were successfully utilized in the sex 

differentiation of Ostrich samples. Nevertheless, the heterozygosity detected between 

Ostrich male samples in the DAPK1 gene resulted in a complex melting curve pattern. 

The TMEM2 and DAPK1 markers also have a heterozygous Z allele in the Greater 

Rhea. In the NTRK2 and DAPK1 (for Emu and Southern Cassowary), and TMEM2 (for 

Greater Rhea) it was not possible to detect specific variations between Z and W 

sequences. These variation patterns may influence and/or preclude the sex 

differentiation by HRM analysis using these markers. Therefore, the NTRK2 (for 

Ostrich and Greater Rhea) and RASEF (for Ostrich, Emu and Southern Cassowary) are 

the best candidate sex-linked markers identified. The males and females of these species 

presented a typical melting curve pattern, allowing an accurate sex differentiation based 

on the variations between Z and W gametologous gene copies (Figure 3a, b, c, d, e). We 

highlight the importance of using all the different markers (genes) optimized for a given 

species to maximize the diagnostic accuracy, since the possibility of recombination may 

difficult the sex differentiation in some cases.  

Beyond the selection of new markers for molecular sexing, the screening and analysis of 

nucleotide variations at sex chromosomes genes may provide valuable data for studies 
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on phylogenetics, evolution and species identification. The Z-linked loci are considered 

powerful genetic markers for multi-locus phylogenetic approaches (Corl and Ellegren, 

2013) and the variability in the homologous gene sequences of the Z and W 

chromosomes have been utilized for species identification, mainly in the detection of 

hybrids resulting from the breeding of phylogenetic related species (Miyaki et al., 2001; 

Delsuc et al., 2007; Irwin et al., 2009). The hybridization of two ratite species (Greater 

Rhea Rhea americana and Lesser Rhea Rhea pennata) was confirmed by the analysis of 

the homozygous and heterozygous patterns of a CHD1 gene region (Delsuc et al., 

2007). In this context, the HRM analysis is a powerful tool to complement and/or 

improve these research fields, particularly by the identification of single nucleotide 

polymorphisms (SNPs) (Smith et al., 2013). This study confirms the usefulness of the 

HRM method for screening of inter- and intraspecies genetic variations among the Z 

and W gametologs of ratite species, which can be an important complement to 

forthcoming studies on genetic diversity and evolutionary patterns of the sex 

chromosomes and sex-linked genes that require SNPs analysis and comparison.  

 

 

4. Conclusion 

Overall, our results showed that the development of new sex-linked markers for 

molecular sexing of ratite birds is mandatory to improve the PCR-based methodologies. 

The approach proposed in this study allowed the identification of four genes (NTRK2, 

RASEF, TMEM2 and DAPK1) with a potential applicability for molecular sexing of 

ratites using the HRM technology. All genotypes identified in the Z and W 

gametologous were successfully differentiated based on its specific melting curve 

patterns. The NTRK2 and RASEF appears to be the most specific markers for sex 

differentiation of the four ratite species studied. This work introduces an advanced 

PCR-based method alternative to classical protocols reported for these birds. Further 

characterization of the genetic content of sex chromosomes of new ratite species may 

allow a finest selection of new sex-linked markers based on comparative analysis of the 

Z and W gametologous gene copies. The description of new genetic markers and 

advanced molecular methodologies provides important tools for ecological, 
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evolutionary and conservation studies of the wildlife species, particularly in 

vulnerable/endangered birds such as the case of most ratite species. 
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Appendix I  

Nucleotide sequences of all NTRK2, RASEF, TMEM2 and DAPK1 gene regions 

characterized for Ostrich (Struthio camelus), Greater Rhea (Rhea americana), Emu 

(Dromaius novaehollandiae) and Southern Cassowary (Casuarius casuarius). 

 

NTRK2 (GenBank accessions: KM034564-KM034568 and KR140085) 

 

>Seq1 Struthio camelus haplotype Z BDNF/NT-3 growth factors receptor 

(NTRK2) gene, partial cds 

CATTCACTGTGAAAGGGAACCCTAAACCCACCTTGCAGTGGTTCTATGAAG

GGGCTATACTGAATGAGTCTGAATACATCTGTACTAAAATACATGTTATCAA

TCAAAGTGAATACCATGGCTGCCTTCAGCTGGACAACCCTACCCATCTGAAC

AATGGTGCTTATACCTTGCTGGCAAAGAACGACTATGGAGAGGATGAAAAA

CGGGTTGATGCTCATTTCATGTC 

 

>Seq2 Struthio camelus haplotype W BDNF/NT-3 growth factors receptor 

(NTRK2) gene, partial cds 

CATTCACTGTGAAAGGGAACCCTAAACCCACATTGCAGTGGTTCTATGAAG

GGGCTATACTGAATGAGTCTGAATACATCTGTACTAAAATACATGTTATCAA

TCAAAGTGAATACCACGGCTGCCTTCAGCTGGACAACCCTACCCATCTGAA

CAATGGTGCTTATACCTTATTGGCAAAGAACGAGTATGGAGAGGACGAAAA

ACGGGTTGATGCTCATTTCATGTC 
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>Seq3 Rhea americana haplotype Z BDNF/NT-3 growth factors receptor (NTRK2) 

gene, partial cds 

CATTCACTGTGAAAGGGAACCCCAAACCCACATTGCAGTGGTTCTATGAAG

GGGCTATACTGAATGAGTCTGAATACATCTGTACTAAAATACATGTTATCAA

TCAAAGTGAATACCACGGCTGCCTTCAGCTGGACAACCCTACCCATCTGAA

CAATGGTGCTTATACCTTACTGGCAAAGAACGAGTATGGAGAGGACGAAAA

ACGTGTTGATGCTCATTTCATGTC 

 

>Seq4 Rhea americana haplotype W BDNF/NT-3 growth factors receptor 

(NTRK2) gene, partial cds 

CATTCACTGTGAAAGGGAACCCCAAACCCACATTGCAGTGGTTCTATGAAG

GGGCTATACTGAATGAGTCTGAATACATCTGTACTAAAATACATGTTATCAA

TCAAAGTGAATACCACGGCTGCCTTCAGCTGGACAACCCTACCCATCTGAA

CAATGGTGCATATACCTTACTGGCAAAGAACGAGTACGGAGAGGACGAAA

AACGTGTTGATGCTCATTTCATGTC 

 

>Seq5 Dromaius novaehollandiae haplotype Z BDNF/NT-3 growth factors 

receptor (NTRK2) gene, partial cds 

CATTCACTGTGAAAGGGAACCCTAAACCCACATTGCAGTGGTTCTATGAAG

GGGCTATACTGAATGAGTCTGAATACATCTGTACTAAAATACATGTTATCAA

TCAAAGTGAATACCACGGCTGCCTTCAGCTGGACAACCCTACCCATCTGAA

CAATGGTGCTTATACCTTACTGGCAAAGAACGAGTATGGAGAGGACGAAAA

ACGCGTTGATGCTCATTTCATGTC 

 

>Seq6 Casuarius casuarius haplotype Z BDNF/NT-3 growth factors receptor 

(NTRK2) gene, partial cds 

CATTCACTGTGAAAGGGAACCCTAAACCCACATTGCAGTGGTTCTATGAAG

GGGCTATACTGAATGAGTCTGAATACATCTGTACTAAAATACATGTTATCAA

TCAAAGTGAATACCACGGCTGCCTTCAGCTGGACAACCCTACCCATCTGAA

CAATGGTGCTTATACCTTACTGGCAAAGAACGAGTATGGAGAGGACGAAAA

ACGTGTTGATGCTCATTTCATGTC 

 

 

 

 

RASEF (sequences not submitted to GenBank) 

 

>Seq7 Struthio camelus haplotype Z RAS and EF-hand domain containing 

(RASEF) gene, partial cds 

ACAAGAGCAAGTCAGTGTTCTGTATCAGAATATTCATATAGTGGAACCAAG

ATTAATCCAGCCTTACGAACATGTCATTAAGAACTTCATCCGAGAGATCAA

ACTTCAAAGTACAGAGATGGAAACCTTAGCCATTGC 

 

>Seq8 Struthio camelus haplotype W RAS and EF-hand domain containing 

(RASEF) gene, partial cds 
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ACAAGAGCAAGTCAGTGTTCTGTATCAGAACATACACATAGTGGAACCAAG

ATTAATCCAGCCTTATGAACATGTCATTAAGAACTTCATCCGAGAGATCAAA

CTTCAAAGCACGGAGATGGAAACCTTAGCCATTGC 

 

>Seq9 Rhea americana haplotype Z RAS and EF-hand domain containing 

(RASEF) gene, partial cds 

ACAAGAGCAAGTCAGTGTTCTGTATCAGAACATACACATAGTGGAACCAAG

ATTAATCCAGCCCTATGAACACGTCATTAAGAACTTCATCCGAGAGATCAA

ACTTCAAAGCACGGAGATGGAAACCTTAGCCATTGC 

 

>Seq10 Dromaius novaehollandiae haplotype Z RAS and EF-hand domain 

containing (RASEF) gene, partial cds 

ACAAGAGCAAGTCAGTGTTCTGTATCAGAACATACACATAGTGGAACCAAG

ATTAATCCAGCCTTACGAACATGTCATTAAGAACTTCATCCGAGAGATCAA

ACTTCAAAGCACGGAGATGGAAACCTTAGCCATTGC 

 

>Seq11 Dromaius novaehollandiae haplotype W RAS and EF-hand domain 

containing (RASEF) gene, partial cds 

ACAAGAGCAAGTCAGTGTTCTGTATCAGAACATACACATAGTGGAACCAAG

ATTAATCCAGCCTTACGAACATGTCATTAAGAACTTCATCCGAGAGATCAA

ACTTCAAAGCACAGAGATGGAAACCTTAGCCATTGC 

 

>Seq12 Casuarius casuarius haplotype Z RAS and EF-hand domain containing 

(RASEF) gene, partial cds 

ACAAGAGCAAGTCAGTGTTCTATATCAGAACATACACATAGTGGAACCAAG

ATTAATCCAGCCTTACGAACATGTCATTAAGAACTTCATCCGAGAGATCAA

ACTTCAAAGCACGGAGATGGAAACCTTAGCCATTGC 

 

>Seq13 Casuarius casuarius haplotype W RAS and EF-hand domain containing 

(RASEF) gene, partial cds 

ACAAGAGCAAGTCAGTGTTCTGTATCAGAACATACACATAGTGGAACCAAG

ATTAATCCAGCCTTACGAACATGTCATTAAGAACTTCATCCGAGAGATCAA

ACTTCAAAGCACAGAGATGGAAACCTTAGCCATTGC 

 

 

TMEM2 (sequences not submitted to GenBank) 

 

>Seq14 Struthio camelus haplotype Z transmembrane protein 2 (TMEM2) gene, 

partial cds 

GGTCACAGTTATTGCTCATCTCAGGGATGTGAAAGGATCAAGATTGTGACC

AAAGATTCAGCAAAAGGGATCAGCAACTGCATGGCAAAGGCTTATCCAAAG

TACTACCAAGGGCCAACTGTCATAAAGCAAATGCCAGTAAAAACTACTGTA

CCATGTACAAAGTGTGGCACAACTCAG 

 

>Seq15 Struthio camelus haplotype W transmembrane protein 2 (TMEM2) gene, 

partial cds 
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GGTCACAGTTATTGCTCATCTCGGGGATGTGAAAGGATCAAGATTGTGACC

AAAGATTCAGCAAAAGGGATCAGTAACTGCATGGCCAAAGCTTATCCAAAG

TACTACCAAGGGCCAGCTGTCATAAAGCAAATGCCAGTAAAAACTTCTGTA

CCATGCACAAAGTGTGGCACAACTCAG 

 

>Seq16 Rhea americana haplotype Z1 transmembrane protein 2 (TMEM2) gene, 

partial cds 

GGTCACAGTTATTGCTCATCTCAGGGATGTGAAAGGATCAAGATTGTGACC

AAAGATTCAGCAAAAGGGATCAGTAACTGCATGGCAAAAGCTTATCCAAAG

TACTACCAAGGGCCAACTGTCATAAAGCAAATGCCAGTAAAAACTACTGTA

CCGTGTACAAAGTGTGGCACAACTCAG 

 

>Seq17 Rhea americana haplotype Z2 transmembrane protein 2 (TMEM2) gene, 

partial cds 

GGTCACAGTTATTGCTCATCTCAGGGATGTGAAAGGATCAAGATTGTGACC

AAAGATTCAGCAAAAGGGATCAGTAACTGCATGGCAAAAGCTTATCCAAAG

TACTACCAAGGGCCAACTGTCATAAAGCAAATGCCAGTAAAAACTACTGTA

CCATGTACAAAGTGTGGCACAACTCAG 

 

>Seq18 Dromaius novaehollandiae haplotype Z transmembrane protein 2 

(TMEM2) gene, partial cds 

GGTCACAGTTATTGCTCATCTCAGGGATGTGAAAGGATCAAGATTGTGACC

AAAGATTCAGCAAAAGGGATCAGTAACTGCATGGCAAAAGCTTATCCAAAG

TACTACCAAGGGCCAACTGTCATAAAGCAAATGCCAGTAAAAACTACTGTA

CCGTGTACAAAGTGTGGCACAACTCAG 

 

>Seq19 Dromaius novaehollandiae haplotype W transmembrane protein 2 

(TMEM2) gene, partial cds 

GGTCACAGTTATTGCTCATCTCAGGGATGTGAAAGGATCAAGATTGTAACC

AAAGATTCAGCAAAAGGGATCAGTAACTGCATGGCAAAAGCTTATCCAAAG

TACTACCAAGGGCCAACTGTCATAAAGCAAATGCCAGTAAAATCTACTGTA

CCGTGTACAAAGTGTGGCACAACTCAG 

 

>Seq20 Casuarius casuarius haplotype Z transmembrane protein 2 (TMEM2) 

gene, partial cds 

GGTCACAGTTATTGCTCATCTCAGGGATGTGAAAGGATCAAGATTGTGACC

AAAGATTCAGCAAAAGGGATCAGTAACTGCATGGCAAAAGCTTATCCAAAG

TACTACCAAGGGCCAACTGTCATAAAGCAAATGCCAGTAAAAACTACTGTA

CCGTGTACAAAGTGTGGCACAACTCAG 

 

>Seq21 Casuarius casuarius haplotype W transmembrane protein 2 (TMEM2) 

gene, partial cds 

GGTCACAGTTATTGCTCATCTCAGGGATGTGAAAGGATCAAGATTGTGACC

AAAGATTCAGCAAAAGGGATCAGTAACTGCATGGCAAAAGCTTATCCAAAG

TACTACCAAGGGTCAACTGTCATAAAGCAAATGCCAGTAAAAACTACTGTA

CCGTGTACAAAGTGTGGCACAACTCAG 
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DAPK1 (sequences not submitted to GenBank) 

 

>Seq22 Struthio camelus haplotype Z1 death-associated protein kinase 1 (DAPK1) 

gene, partial cds 

CTTGGCATGGCTACTACTCTGTTGCCAAAGCACTTTGTGAAGCAGGTTGTAA

CGTGAACATTAAAAACAAAGAAGGGGAGACTCCTCTGCTAACAGCATCTGC

TAGGGGTTACCATGATATTGTGGAATGCTTGGCAGAGCACGGAGCTGACCT

TGATGCAAC 

 

>Seq23 Struthio camelus haplotype Z2 death-associated protein kinase 1 (DAPK1) 

gene, partial cds 

CTTGGCATGGCTACTACTCTGTTGCCAAAGCACTTTGTGAAGCAGGTTGTAA

CGTGAACATTAAAAACAAAGAAGGGGAGACTCCTCTCCTAACAGCATCTGC

TAGGGGTTACCATGATATTGTGGAATGCTTGGCAGAGCACGGAGCTGACCT

TGATGCAAC 

 

>Seq24 Struthio camelus haplotype W death-associated protein kinase 1 (DAPK1) 

gene, partial cds 

CTTGGCATGGCTACTACTCTGTTGCCAAAGCACTTTGTGAAGCAGATTGTAA

CGTGAACATTAAAAACAAAGAAGGAGAGACTCCTCTCCTAACAGCATCTGC

TAGGGGTTACCATGATATTGTGGAATGCTTGGTGGAGCATGGAGCTGACCTT

GATGCAAC 

 

>Seq25 Rhea americana haplotype Z1 death-associated protein kinase 1 (DAPK1) 

gene, partial cds 

CTTGGCATGGCTACTACTCTGTTGCCAAAGCACTTTGTGAAGCAGGTTGTAA

TGTGAACATTAAAAACAAAGAAGGGGAGACTCCTCTCCTAACAGCATCTGC

TAGGGGTTACCATGATATTGTGGAATGCTTGGCAGAGCATGGAGCTGACCT

TGATGCAAC 

 

>Seq26 Rhea americana haplotype Z2 death-associated protein kinase 1 (DAPK1) 

gene, partial cds  

CTTGGCATGGCTACTACTCTGTTGCCAAAGCACTTTGTGAAGCAGGTTGTAA

TGTGAACATTAAAAACAAAGAAGGGGAGACTCCTCTCCTAACAGCATCTGC

TAGGGGTTACCATGATATCGTGGAATGCTTGGCAGAGCATGGAGCTGACCT

TGATGCAAC 

 

>Seq27 Dromaius novaehollandiae haplotype Z death-associated protein kinase 1 

(DAPK1) gene, partial cds 

CTTGGCATGGCTACTACTCCGTTGCCAAAGCACTTTGTGAAGCAGGTTGTAA

TGTGAACATTAAAAACAAAGAAGGGGAGACTCCTCTCCTAACAGCATCTGC

TAGGGGTTACCATGATATTGTGGAATGCTTGGCAGAGCACGGAGCTGACCT

TGATGCAAC 
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>Seq28 Casuarius casuarius haplotype Z death-associated protein kinase 1 

(DAPK1) gene, partial cds 

CTTGGCATGGCTACTACTCTGTTGCCAAAGCACTTTGCGAAGCAGGTTGTAA

CGTGAACATTAAAAACAAAGAAGGGGAGACTCCTCTCCTAACAGCATCTGC

TAGGGGTTACCATGATATTGTGGAATGCTTGGCAGAGCATGGAGCTGACCT

TGATGCAAC 
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Molecular sexing of birds: a comparative review of PCR-based methods  

 

Abstract  

The accurate sex identification in birds is an important support for the management and 

conservation of avian wildlife in several aspects, namely in the development of 

population, behavioural and ecological studies, as well as in the improvement of ex situ 

captive breeding programs. In general, nestlings, juveniles and adult birds of a wide 

number of species sexually monomorphic can not be sexed based on phenotypic traits. 

The development of molecular methodologies for avian sexing overcame these 

difficulties, allowing a reliable gender differentiation for these species. The polymerase 

chain reaction (PCR)-based methods have been widely applied in molecular sexing of 

birds, using a large diversity of sex-linked markers. During the last fifteen years, there 

was a continuous improvement in the PCR-based protocols for bird sexing, increasing 

the accuracy, speed and high-throughput applicability of these techniques. The recent 

advances in real-time PCR platforms and whole genome analysis methods provided new 

resources for the detection and analysis of novel specific markers and protocols. This 

review presents a comparative guide of classical and recent advances in PCR-based 

methods for avian molecular sexing, highlighting its strengths and limitations. The 

future research opportunities in this field are also addressed. 

 

Keywords: Birds; Molecular gender identification; PCR-based methods; Sex-linked 

markers  

 

1. Introduction  

The molecular techniques for rapid and accurate gender identification of birds are 

powerful tools to a wide range of research domains (Fig. 1). Distinguishing the sexes is 
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a simple task in birds sexually dimorphic, however, the identification of sex by 

morphological traits can often be complex and difficult in monomorphic birds and 

nestlings of the majority of the species. The traditional methodologies used in the sex 

determination of birds, by behavioural observations [16], differences in morphometric 

traits [17], acoustic sexing [18], laparoscopy [19], laparotomy [20], cloacal examination 

[21], faecal steroid sexing [22] and cytogenetic analysis [23] are time-consuming, 

expensive and in some cases invasive and harmful. To avoid these limitations in the 

mid-1990s molecular techniques for avian sexing were improved [24,25]. DNA-based 

methods were developed based on chromosome-specific markers, considering the 

variations among the heterogametic sex (females present Z and W chromosomes) and 

homogametic sex (males have two Z chromosomes) [26-28]. The differences in the 

nucleotide sequences of Z and W chromosomes in non-ratite birds allowed the 

development of several molecular methodologies successfully applied in the sex 

differentiation [29,30]. The evolutionary divergence of sex chromosomes in ratite birds 

[31,32] does not allow the molecular sexing based on sex-linked markers described for 

other bird orders. Consequently, specific protocols have been developed to provide a 

DNA test for sex typing of ratites [33-35]. 

The Chromodomain Helicase DNA Binding 1 (CHD1) was the first gene proposed as a 

valid sex-linked marker for sex differentiation in a wide range of non-ratite bird species 

[24,26,28]. CHD1 is highly conserved and have slight differences in size and nucleotide 

sequence between some intronic regions of CHD1Z and CHD1W. Several studies 

explored these variations and designed multiple specific primers, which were 

successfully used for gender differentiation by polymerase chain reaction (PCR)-based 

methods [26-28]. Recently, novel sex-linked markers involving the Drosophila Nipped-

B homolog (NIPBL) and RAS p21 protein activator 1 (RASA1) genes were proposed 

[14,36]. NIPBL was reported as a universal marker [14], and RASA1 was presented as 

an innovative approach for sex identification in Phasianidae species [36]. The 0.6 kb 

EcoRI fragment (EE0.6) is a W-located conserved sequence also utilized for sex typing 

[37,38]. The variations in the W- and Z-linked EE0.6 sequences allowed the accurate 

sex determination of several bird species [39-42]. All these markers were analysed by 

PCR methods. 
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Fig. 1. Practical applications of PCR-based methods for avian gender identification. The main research 

fields are presented, including specific references of these studies.  

 

Over the past few years, PCR-based techniques were really improved, overcoming some 

limitations of the more classical molecular analysis methodologies. This review presents 

the classical strategies and the recent advances in PCR-based methodologies for gender 

differentiation in birds. A concise description of the techniques is complemented with 

an overview of its strengths and limitations. Finally, the future perspectives and 

opportunities for improvement in avian molecular sexing are presented in the light of 

new genomics era.   

 

2. PCR-based methods in avian molecular sexing  

The PCR-based genotyping require high-quality genomic DNA. In birds, the common 

DNA sources for genetic analysis are the blood and feathers [43,44]. However, the 

DNA extracted from muscle tissues [45], toe-pad skin [46], eggshell membranes [47], 

buccal swabs [48] and faeces [49] are successfully utilized in avian sexing. The standard 

methodology for molecular sexing is based on the amplification by PCR of Z and W 

alleles using specific primers designed to screen the intron variations (length and 

nucleotide sequence) in sex-linked genes, and subsequent electrophoresis analysis (Fig. 

2). The most commonly used primers are the CHD1-linked primers P2/P8 [26], 
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1237L/1272H [27] and 2550F/2718R [28]. Based on these sequences a large diversity 

of primer sets have been developed for molecular sexing [50-52]. In theory, the 

amplified products should migrate as a single band in males (ZZ) and as two bands in 

females (ZW) (Fig. 2). However, the polymorphic nature of the intron length, along 

with the variability in electrophoresis resolution power, does not allow the accurate sex 

identification in some bird species [26,43]. The use of denaturing acrylamide gels 

instead of agarose gels increases the resolution of electrophoresis [26,46,53]. 

Nevertheless, difficulties in CHD1-based molecular sexing caused by the intraspecific 

variations at the CHD1Z homologues have been reported [54-56]. These polymorphisms 

were detected in the intronic region amplified by primers P2/P8 and 1237L/1272H. To 

overcome some of these limitations new potential sex-linked markers and primer sets 

were recently introduced in molecular sexing of birds [14,36]. Suh et al [14], proposed 

three novel markers for molecular sexing based on the retroposon insertions detected in 

the Z gametolog of Neoaves and Neognathae species. The three loci are located in the 

CHD1 gene (intron 9 and intron 16) and NIPBL gene (intron 16), and the PCR 

amplification of these regions generate fragments with size differences in Z and W 

amplicons. Suh et al [14] point out the large (>200 bp) and constant size difference 

between Z and W amplicons as the great advantage of these universal and independent 

tests, which avoid the misinterpretation sometimes caused by previous markers with 

variable amplicon lengths. Li et al [26] reported a novel sex-linked marker located in 

RASA1 gene for molecular sexing of Phasianidae species. The PCR products in this 

method are short (generally <300 bp) making it a reliable approach for the molecular 

analysis using degraded DNA from non-invasive samples.   

Several alternative PCR-based methods have been developed for bird sexing. These 

techniques were proposed for the development of specific W-linked markers and/or the 

improvement of molecular sexing using the genetic markers and primer sets 

aforementioned. In the following sections these methodologies are described and 

characterized in detail.  
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Fig. 2. Basic principles of avian molecular sexing based on CHD1 gene. Males have two copies of 

CHD1Z allele; while females have one copy of each CHD1Z and CHD1W alleles. In non-ratite birds, 

there are differences in some intronic sequences between CHD1Z and CHD1W. Specific primers for the 

amplification of these particular regions enable the sex identification in these species. PCR products are 

generally analysed by agarose or polyacrylamide gel electrophoresis. The separation of the fragments 

allows the genotyping of males (ZZ) and females (ZW).  

 

 

2.1. Single Strand Conformation Polymorphism (SSCP) 

Single Strand Conformation Polymorphism (SSCP) is a technique based on the 

principle that under non-denaturing conditions, single-stranded DNA (ssDNA) 

molecules take on a specific secondary conformation determined by their nucleotide 

sequence [62-64]. SSCP analysis involves the PCR amplification of the target 

sequences, followed by denaturation of the double-stranded PCR products with heat 

(usually 95ºC) and denaturants (formamide; sodium hydroxide), and the separation of 

ssDNA fragments in a non-denaturing polyacrylamide gel electrophoresis. During 

electrophoresis, the ssDNA fragments assume a specific folded conformation based on 

their primary sequence. Theoretically, single base changes (point mutations) affect the 

conformational structure of the ssDNA molecules, causing detectable mobility shifts 

[62-64]. These variations may influence the position and number of bands in the 

polyacrylamide gel, allowing the genotype assessment. 
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SSCP analysis was successfully used for sex identification in some bird species. This 

method was applied in the screening of PCR products amplified from CHD1 gene with 

primer sets P2/P3 [65] and P2/P8 [45,66]. Since there are differences in the sequence 

and number of nucleotides in intronic regions between alleles CHD1Z and CHD1W, it is 

expected the formation of different conformational structures. Thus, SSCP analysis 

allowed the establishment of a specific band pattern for males (ZZ) and females (ZW) in 

the polyacrylamide gel of all species studied. These protocols clearly enhance the 

resolution and sensibility in the detection of small variations between Z and W alleles 

that are not detected by agarose gel electrophoresis. SSCP is a cost-effective method but 

also time-consuming (require optimization of several factors) and moderately laborious, 

which limit its high-throughput applicability (Table 1). 

 

2.2. Restriction Fragment Length Polymorphism (RFLP) 

The Restriction Fragment Length Polymorphism (RFLP) is a technique based on the 

analysis of variations in homologous DNA sequences [67-69]. This method involves the 

digestion of DNA samples by restriction endonucleases and the separation of the 

digested DNA by agarose gel electrophoresis.  

PCR-RFLP analysis has been proposed as a suitable strategy for molecular sexing in 

various bird species that have small differences between the CHD1 amplicons [70-72]. 

The variations in homologous intronic sequences of CHD1Z and CHD1W alleles, 

amplified with universal primers, enabled the detection of several specific restriction 

sites in both fragments. Thus, the selection of appropriate restriction enzymes (e.g. 

HaeIII; DdeI; Asp700) allowed the selective digestion of the CHD1Z and CHD1W 

fragments. The digested PCR products were analysed by agarose or polyacrylamide gel 

electrophoresis. The specific band patterns observed in males and females varied 

depending on the bird species and restriction enzyme selected. This is a simple and 

rapid methodology but the selection of an appropriated restriction enzyme is a complex 

task, due to the high nucleotide variability of the CHD1 introns among different bird 

species. Consequently, it increases the development time and reduces the 

reproducibility and high-throughput applicability of this technique (Table 1). 
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2.3. Random Amplified Polymorphic DNA (RAPD) 

Random Amplified Polymorphic DNA (RAPD) markers are DNA fragments generated 

by PCR using short random oligonucleotide primers (usually 10-mer) that amplify 

arbitrary nucleotide sequences in genomic DNA [74-76]. The amplified products are 

generally separated on agarose gels to detect the polymorphic fragments. Thus, the 

DNA templates with nucleotide variations located in the primer binding sites will form 

a genotype-specific band pattern. 

RAPD markers were used to detect W-linked sequences in various bird species [77-79]. 

This approach was widely applied in the development of specific markers for sex 

differentiation in ratite birds [33,35,80]. When female-specific bands in the primer 

screening are observed, it is probably that the fragments correspond to W chromosome. 

These fragments are purified and sequenced, allowing the selection of primers (sex-

linked RAPD) to amplify the female-specific sequences. RAPD analysis was considered 

a simple and low cost approach for molecular sexing of birds. Nevertheless, the limited 

use of this method is explained by its low reproducibility and sensitivity associated with 

the need to develop species-specific markers (Table 1). 

 

2.4. Amplified Fragment Length Polymorphism (AFLP) 

In the Amplified Fragment Length Polymorphism (AFLP) analysis two restriction 

endonucleases (e.g. EcoRI and MseI) are used to digest genomic DNA, followed by the 

ligation of specific double-stranded oligonucleotide adapters to the sticky ends of all 

restriction fragments [81,82]. These adaptors are designed to avoid the reconstitution of 

the original restriction site after ligation. The adaptor-restriction fragments are 

subsequently amplified by PCR under highly selective conditions with adapter-specific 

primers containing an extension of one to three nucleotides at the 3’ end [81,82]. AFLP-

PCR products can be analysed with a wide range of techniques (from agarose gel 

electrophoresis to automated genotyping), but polyacrylamide gel electrophoresis offers 

a maximum resolution for the detection and selection of specific polymorphic markers. 

AFLP technique was applied by Griffiths and Orr [83] in the isolation of three W-

chromosome-linked markers from the ostrich (Struthio camelus) and two from the shag 

(Phalacrocorax aristotelis), which were successfully applied in the gender 
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differentiation. Two sex-linked AFLP markers of the ostrich were cloned and 

sequenced, and specific primer sets (ScW1F/ScW1R and ScW2F/ScW2R) were 

designed to amplify these female-specific fragments. This strategy allowed the 

molecular sexing of the ostrich using a standard PCR-based technique. AFLP analysis 

has some disadvantages (high development time, relatively expensive and species-

specific nature of markers) that reduce its routine applicability in avian sexing (Table 1).  

 

2.5. Microsatellites 

Microsatelites, also known as short tandem repeats (STRs) or simple sequence repeats 

(SSRs) are short tandemly repeated DNA sequences formed by repetitive motifs of 1-6 

bp found in both coding and non-coding regions of the genome [84-86]. These motifs 

are usually characterized by a high variability in the number of repeat units. The 

potentialities of these highly polymorphic genetic markers have been widely explored in 

many fields of biological research [86,87].  

In bird sexing, microsatellites are used as sex-specific markers that enable the gender 

differentiation. Jones and Glenn [88] reported one sex-linked locus (Gamµ-7) for sex 

identification in Whooping cranes (Grus americana). The PCR amplification of this 

microsatellite locus revealed the presence of a female-specific fragment, probably 

amplified from the W chromosome. The presence and absence of this sequence allowed 

the accurate sexing of females and males. Based on the same principle, Nesje and Røed 

[89] characterized two microsatellite loci (NVH fp102 and NVH fp49) for sex 

identification in falcons. The female-specific fragments of each locus were easily 

detected in most species after PCR and agarose gel electrophoresis. When the results 

were ambiguous in the locus NVH fp49, the problem was solved using a radioactively-

labelled primer and polyacrylamide gel electrophoresis. This molecular strategy requires 

species-specific markers, which increase the development time and intensiveness of 

labour, limiting its routine applicability in the gender differentiation of birds (Table 1).  

 

  

2.6. Allele-specific PCR (AS-PCR) 

Allele-specific PCR (AS-PCR), also know as amplification refractory mutation system 

(ARMS), is a method used to detect nucleotide variations by selective PCR 
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amplification of the alleles [90-92]. This approach requires one primer common to both 

alleles and two allele-specific primers with different bases at the 3’ end, accordingly to 

the mutations in the target sequences. Thus, the 3’ mismatched base(s) influences the 

primer extension by DNA polymerase, allowing the selective amplification of the wild-

type and mutant alleles [90-92]. 

In birds, the intronic variations between CHD1Z and CHD1W enabled the application of 

this method to sex identification in a wide number of species [7,93,94]. This strategy 

involves a 3’ end mismatch primer designed on a point mutation conserved among Z 

and W alleles. Ito et al [93] designed the allele specific primer (MP) for selective 

amplification of CHD1W fragment. Thus, in the allele-specific PCR with three primers 

(P2, NP and MP) it is expected that NP/MP detect the female-specific fragment 

(CHD1W), and NP/P2 amplify the common female and male allele (CHD1Z). PCR 

products are separated by agarose gel electrophoresis and males have one single band, 

while the females have two or three bands depending on the species. Lee et al [94] 

reported the correct sex identification of 25 species included in 7 different orders, using 

the primers aforementioned. He et al [7] developed three new primers (F1/F2/R) for 

sexing the Black Swan (Cygnus atratus) by AS-PCR. The applicability of these 

protocols is influenced by the variability in intronic polymorphisms between Z and W 

alleles, which limit the use of allele-specific primers to a restricted number of bird 

species. AS-PCR is a simple, useful and rapid method, and the similarity with standard 

PCR-based protocols make it a suitable approach for gender differentiation in birds 

(Table 1). Additionally, allele-specific protocols are easily adapted for real-time PCR 

techniques using labelled probes or based on melting curve analysis. 

 

 

2.7. Capillary electrophoresis 

Capillary electrophoresis (CE) is an analytical method with great advantages (speed, 

high-throughput applicability, high resolution and sensitivity, automated workflow and 

data acquisition) comparatively to conventional slab gel electrophoresis in the 

separation of DNA fragments and detection of sequence variations [95-97]. The 

separation of DNA fragments occurs inside of a fused-silica capillary (50- to 100-μm) 
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filled with a sieving matrix, under high voltages (kilovolt-level). The CE system 

performs a rapid size-based separation of the specific fragments and the DNA is 

detected by UV absorption or fluorescent labelling. This method requires an internal 

size standard that enables the accurate fragments size attribution based on its relative 

electrophoretic migration [95-97]. 

The CE technique was applied in the gender identification of 58 avian species [51]. This 

approach was developed based on the analysis of DNA fragments amplified from 

CHD1 gene, using P2/P8 and CHD1F/CHD1R primer pairs. The primer set 

CHD1F/CHD1R was designed from sequence alignments of 2550F/2718R products 

[28], in order to reduce the amplicon length. Smaller PCR products are more suitable 

for CE analysis. Thus, the CE eletropherogram detects one amplification product for 

male samples (Z allele) and two amplification products for female samples (Z and W 

alleles), allowing the accurate sex differentiation. CE is a simple and rapid strategy for 

avian molecular sexing (Table 1).  

 

2.8. Real-time quantitative PCR (qPCR) using TaqMan probes 

The real-time quantitative TaqMan assay requires a non-extendible fluorogenic probe 

with a target sequence localized within the amplicon defined by a gene-specific PCR 

primer pair [98-100]. This oligonucleotide probe has a fluorescent reporter dye (e.g. 

HEX, FAM or VIC) covalently attached to its 5’ end and a quencher dye (e.g. TAMRA 

or MGB) attached at the 3’ end. The probe anneals downstream from one of the primers 

sites when the target sequence is present. While the probe is intact, the quencher dye 

absorbs the fluorescence emission of the reporter dye. The cleavage of the probe during 

the extension phase of PCR separates the reporter and quencher dyes, which increases 

the fluorescent emission of the reporter dye. This step removes the probe from the target 

strand, allowing the primer extension until the end of the template strand. The 

fluorescence intensity released by reporter dye molecules cleaved from the probes 

during the PCR is proportional to the amount of specific amplified products [98-100]. 

The high-throughput gender identification based on qPCR using TaqMan probes was 

successfully applied to sex typing of Accipitridae species [101,102] and chicken (Gallus 

gallus) [103]. The TaqMan assays of these studies were developed based on CHD1 
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gene using different strategies. Chang [101] and Chou [102] utilized a CHD1-ZW-

common and CHD1-W-specific TaqMan probes combined with the P2/P8 primers. 

Rosenthal [103] designed a CHD1Z-(intron 4) and CHD1W-(exon 18) specific probes, 

and two new primer sets flanking these sequences. The high sensitivity/specificity, 

efficiency and rapid execution of this technique allow a high-throughput sex 

identification of birds (Table 1). The great disadvantages of TaqMan assays are the 

associated cost and the necessity of species-specific probes.  

 

2.9. Real-time PCR combined with melting curve analysis 

The real-time PCR combined with melting curve analysis is based on fluorescent DNA-

binding dyes (e.g. SYBR Green I) that intercalate with double-strand DNA, enabling the 

sensitive detection and quantification of PCR products [104,105]. Thus, when the 

amount of amplified products increases in the reaction, a corresponding increase in the 

fluorescent signal is detected. The amplicons are identified by analysis of their specific 

melting temperatures (Tm). For multiplex PCR using this approach, the Tm of the 

amplicons should be significantly different and constant to allow the discrimination of 

different products.  

This methodology has been proposed for high-throughput avian molecular sexing [106-

109]. These studies amplified the CHD1 gene with primers pairs that allowed detecting 

a significant difference in the Tm between CHD1Z and CHD1W amplicons. The 

selection of primers was carried out in different ways: (1) Chang et al [106] redesigned 

the CHD1Z and CHD1W specific primers; (2) Brubaker et al [107] used the 

2250F/2718R classical primers [28]; (3) Huang et al [108] and Chen et al [109] 

redesigned the W-specific and ZW-specific primers, which were used in PCR with the 

P2 classical primer. Thus, the real-time equipment discriminated the melting peaks 

related to distinct Tm values. The rapid execution, sensitiveness and high-throughput 

applicability are the great comparative advantages of this method (Table 1). The need 

for significant differences in Tm between the amplicons is a limiting factor, which 

implies a careful selection of the primer sets according to the species analysed. 

 

2.10. High-resolution melting (HRM) analysis 
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The high-resolution melting (HRM) analysis is a real-time PCR-based method for 

detecting sequence variations through changes in the Tm of a DNA duplex [110-112]. 

This method based on PCR melting curve techniques requires a next-generation real-

time PCR platform (system with excellent thermal stability and sensitivity) combined 

with specific HRM software. The length of the amplicons and the respective GC 

content, nucleotide sequence and strand complementarity may influence the melting of 

the double-stranded DNA molecules [113], allowing the detection of single-nucleotide 

polymorphisms, small insertions and deletions by real-time HRM assay. For a high 

performance in the HRM analysis saturating dsDNA-binding dyes (e.g. EvaGreen) 

should be used.  

The HRM analysis was recently introduced in the gender differentiation of birds [114]. 

This approach allowed the rapid and accurate sex identification in the Common Quail 

(Coturnix coturnix) and Japanese Quail (Coturnix  japonica) using the universal primers 

P2/P8. The amplified sequences of CHD1Z and CHD1W differ only in 6 bp, 

nevertheless, a specific melting curve was observed for males (ZZ) and females (ZW). 

The HRM assay overcomes the resolution limitation of the real-time PCR combined 

with melting curve analysis (previous described). The simplicity, high 

sensitivity/specificity, low cost relatively to the traditional methods that require 

electrophoresis and techniques using labelled probes make HRM a suitable cost-

effective approach for avian molecular sexing (Table 1). 

 

 

3. Conclusions and future perspectives 

The molecular strategies for avian molecular sexing were clearly improved during the 

last decade. Several methods and protocols were presented as suitable approaches to 

overcome the difficulties with sex identification in a wide-range of bird species. 

Advances in PCR-based technologies allowed the development of simple, rapid, high 

sensitive and cost-effective protocols. The real-time PCR platforms offer all these 

advantages, making them extremely competitive, regarding the performance and 

requirements of the classical methodologies [115-118]. It has been observed a 

significant increase in the application of these platforms in the molecular sexing of birds 
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[108,109,114]. The scientific impact of these technologies is very high, being 

predictable that most of the molecular genetic laboratories around the world will have 

access to real-time platforms, in the near future. The next improvements in avian 

molecular sexing will be certainly related with real-time PCR protocols. 

Regarding the molecular markers for bird sexing, in this review an obvious preference 

for the classical CHD1 primers was observed, despite the characterization of several 

new markers for the same purpose. Recently, Suh et al [14] and Li et al [36] described 

three new markers, introducing two novel genes in molecular sexing methodologies. 

Suh et al [14] proposed their primers as universals for non-ratite birds, following the 

feature of previous universal markers, which failed in the sexing of ratite species. Is it 

possible to develop a universal marker for all bird species (ratites and non-ratites)? It is 

evident the evolutionary divergence of the sexual chromosomes between these bird 

species [31,32], however a detailed description of their genomic sequences could be the 

key for this question. The rapid advances in the next-generation sequencing platforms 

provide new tools for a rapid, easy and cost-effective access to a large quantity of 

genetic data [119-122]. The era of the $1000 genome is coming [123-125] and new 

frontiers in ornithology can be explored with genome assembly of novel avian species. 

These genomic sequences will provide new insights for the knowledge of avian 

genomes and will be a valuable resource for ornithological research (e.g. population 

genetic, evolutionary and gene mapping studies) [126]. A comparative analysis of these 

data may enable the development of important genetic markers [120,127], including 

novel sex-linked markers that increase the reproducibility, reliability and universality of 

avian sexing by PCR-based methods. Currently, there are three avian genomes, namely 

for Chicken (Gallus gallus) [128], Zebra Finch (Taeniopygia guttata) [129] and 

Domestic Turkey (Meleagris gallopavo) [130], released in public genome browsers and 

various projects in progress related to other bird species. The coming years will provide 

great opportunities and challenges for the researchers working on avian biology.  

With the rapid advance in PCR-based techniques and strategies for whole genome 

analysis it is expected an improvement in avian molecular sexing protocols, 

accompanied by the identification of new potential sex-linked markers. The real-time 

PCR methodologies present great advantages comparatively to classical PCR-based 
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methods, but the traditional methods (e.g. agarose and polyacrylamide gels) continue to 

be important for the initial screening and evaluation of these markers. Advanced 

molecular sexing methods for simple, precise, rapid and large-scale analysis will 

revolutionize, expand and facilitate their applicability in basic and applied studies on 

reproductive and conservation biology, ecology and evolution. 
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farms in Northern Portugal. Bird Study, 61: 255-259. 

 

 

Differential mortality of birds killed at wind farms in Northern Portugal 

 

Capsule 

The Skylark (Alauda arvensis) had the highest global mortality in 10 Northern 

Portuguese wind farms surveyed between 2006 and 2011. Analysis from the integration 

of conventional and molecular techniques suggest a sex and age biased mortality 

affecting mainly adult males (90.91%), which may be related to their characteristic 

breeding male song-flights making them highly vulnerable to collision with wind 

turbines. The results highlight the added value of a more complete population impact 

assessment that should go beyond simple carcass identification at wind farms.  

 

Keywords: Wind farms; Birds; Differential mortality; Skylark; Alauda arvensis; 

Diagnosis techniques  

 

Manuscript 

The exploitation of renewable energy sources is rapidly increasing as a result of several 

governmental strategies to produce “clean energy” aiming to reduce the pollution 

effects, consumption and overexploitation of fossil natural resources (Panwar et al. 

2011). In this context, investment in wind energy worldwide has grown significantly 

over the last decade (Kaldellis & Zafirakis 2011) and the impacts of wind farms on 

biodiversity have already been discussed in a wide variety of studies (e.g. Kuvlesky et 

al. 2007; Santos et al. 2010; Northrup & Wittemyer 2013), with emphasis on the 

amount of birds and bats killed by collision with wind turbines (e.g. Barclay et al. 2007; 

Kunz et al. 2007; Tellería 2009). Concerning birds, wind farms may entail different 

impacts (e.g. collision fatalities, habitat loss and fragmentation, displacement/avoidance 

and exclusion from breeding and foraging areas), affecting a wide range of resident and 
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migratory species (e.g. Drewitt & Langston 2006; Farfán et al. 2009; Pearce-Higgins et 

al. 2012). Although previous studies performed in Northern and Central regions of 

Portugal have shown that mortality by collision with wind turbines is particularly high 

for a resident species, the Skylark (Alauda arvensis, Linnaeus, 1758), little is known 

about the repercussions on the life cycle dynamics and trends of the affected bird 

populations (Bernardino et al. 2010; Bernardino et al. 2012; Pearce-Higgins et al. 

2012). 

The Skylark is a common resident or altitudinal short-distance migratory bird, breeding 

in most European countries (Cramp 1988). In Northern and Central Portugal, this 

species is mainly observed in highlands (over 800 m) from spring to autumn, 

particularly during the breeding season (March-July). The environmental conditions 

associated with altitude are important factors that influence local Skylark population 

densities and seasonal distribution (Donald 2004), forcing population displacement to 

lowlands during the wintering period (Catry et al. 2010). Despite the “least concern” 

(LC) conservation status of Skylark in Portugal, this species exhibits worldwide 

decreasing trends (IUCN 2012).  

The determination of the incidence of differential mortality by sex and/or age induced 

by wind turbines may provide additional important data for conservation and 

management purposes (e.g. Ewen et al. 2001; Buenestado et al. 2009). In fact, the 

extent of this phenomenon should be assessed in order to improve the understanding of 

potential consequences for the fitness of populations affected by wind turbine collisions 

(e.g. Schmickl & Karsai 2010; Rymešová et al. 2012). Nevertheless, sex and age 

analysis of birds killed at wind farms has only been performed in a few studies and the 

carcasses have only been occasionally submitted to necropsy examinations to 

determine/confirm the cause of death (Stienen et al. 2008; Bevanger et al. 2010). In this 

context, the main goal of the present research was to combine the necropsy exam, 

morphological and histological analysis with molecular sexing techniques in order to 

confirm differential mortality according to age or sex in Skylark carcasses found and 

collected at wind farms in North Portugal.  

This study was based on bird mortality detected at 10 Northern Portuguese wind farms 

from monitoring surveys carried out between January 2006 and December 2011 (Table 
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1). These wind farms are located in the mountain areas of “Serra do Marão” (29T 

593364E 4566887N), “Serra do Alvão” (29T 598869E 4580026N) and “Serra de 

Montemuro” (29T 581372E 4535224N), representing a total of 88 wind turbines 

installed at altitudes ranging from 950 to 1340 m, where the dominant habitats are 

heathlands. The mortality surveys (see Table 1 for periodicity details) were carried out 

using spiral transects within a maximum radius of 60 m from the wind turbine (Erickson 

et al. 2000). All carcasses detected were identified (when possible), photographed, 

georeferenced, catalogued and stored. In the laboratory, bird species identification was 

confirmed, and then specimens were submitted to a necropsy exam and tissues were 

stored at -20 ºC for subsequent molecular analysis.  

Morphological analysis was performed in order to confirm the species and age of the 

individuals, by using reference guides (Cramp 1988; Svensson 1992). Thus, bird 

plumage was analysed in order to distinguish breeding individuals and juveniles based 

on the feathers shape and condition. Necropsy exams were carried out to determine the 

gender and if mortality was consistent with a collision with wind turbines. Most of the 

birds showed traumatic injuries, such as skull and ribs fractures, subcutaneous and/or 

muscular haemorrhages. In general, carcasses showed advanced decomposition of 

internal organs or were totally or partially mummified, which hindered sex 

identification, especially in young specimens and/or carcasses severely contaminated 

with larval insects in the coelomic cavity. Samples from reproductive organs were 

collected for histological analysis, to confirm the gender (whenever it was not possible 

to do so macroscopically) and to establish sexual gonadal maturation (Bacha & Bacha 

2000; Samour 2008). Molecular genetic approaches were used to overcome the 

limitations of the aforementioned techniques for sex identification of carcasses in 

advanced stages of decomposition. DNA was isolated from muscle tissues using a 

conventional salting out protocol (Morinha et al. 2013). Molecular sexing of all 

carcasses was performed based on the chromodomain helicase DNA-binding protein 1 

(CHD1) gene, using the primers P2 (5´-TCTGCATCGCTAAATCCTTT-3´) and P8 (5´-

CTCCCAAGGATGAGRAAYTG-3´) as described by Griffiths et al. (1998). PCR 

amplifications were performed in a volume of 10 μl, containing 5 μl of 2x MyTaq HS 

Mix (Bioline), 2.5 pmol of each primer and 20 ng of genomic DNA. The thermal 
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protocol consisted of a initial denaturation at 95 ºC for 5 min followed by 30 cycles of 

95 ºC for 30 s, 50 ºC for 1 min, 72 ºC for 30 s and a final extension at 60 ºC for 10 min. 

PCR products were separated by electrophoresis on 2.5% agarose gels stained with 

ethidium bromide.  

Table 1. Characterization of monitoring periods and parameters used to estimate the real mortality of 

Skylark (Alauda arvensis) in the wind farms under study. The estimates were based on the Korner-

Nievergelt et al. (2011) estimator complemented by the Bastos et al. (2013) estimator for the absences of 

detected mortality (*).  
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WF1 
30 March – 9 June 

22 June – 15 September 
2006 72 14 8 7 80 1 3 

WF2 3 – 5 May 2006 3 2 2 13 60 0 0* 

WF3 
7 February – 18 

December 
2006 93 15 10 3 22 1 28 

WF3 9 April – 17 December 2008 74 15 12 3 22 2 53 

WF3 22 April – 17 December 2010 61 15 12 3 22 1 27 

WF4 

20 March – 24 July 

11 – 27 September 

8 November – 2 

December 

2006 93 15 15 4 50 6 54 

WF4 5 March – 28 October 2008 93 7 15 4 50 2 9 

WF5 9 April – 17 December 2008 74 15 7 3.3 22 1 24 

WF6 
1 – 7 April 

1 – 7 September 
2009 7 1 7 4.3 40 1 2 

WF7 
9 – 15 April 

15 – 21 September 
2009 7 1 17 3.75 40 5 10 

WF8 5 March – 25 October 2010 93 7 4 7 80 0 3* 

WF8 2 March – 25 October 2011 93 7 4 7 80 0 3* 

WF9 6 January – 30 June 2011 93 7 10 4 50 2 9 

WF10 6 July – 15 December 2011 - 7 6 - - 0 - 

TOTAL - - - - 88 - - 22 225 

 

The Skylark was the species with the highest collision mortality incidence (37.3 %) 

among all bird carcasses (n = 59) found in the mortality surveys carried out in the wind 

farms under study (Table 1). The ranking classes of the other bird species killed by 

collision with wind turbines comprise the carcasses collected of Delichon urbicum 

(32.2%), Apus apus (5.1%), Circus pygargus (5.1%), Falco tinnunculus (3.4%), Sylvia 

undata (3.4%), Phylloscopus spp. (3.4%), Turdus merula (3.4%), Regulus ignicapilla 
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(1.7%), Saxicola torquatus (1.7%), Ficedula hypoleuca (1.7%) and Emberiza cia 

(1.7%).  

The analysis of the collected 22 Skylark carcasses, revealed a clear mortality incidence 

on adult males (90.91%), suggesting the occurrence of a non-random differential 

mortality, both in sex and age. Skylark carcasses were mainly found between April and 

May (Fig. 1), which coincides with the main breeding season of the species. Skylark 

males perform a characteristic song flight associated with mate choice and territoriality 

(Hedenström 1995; Donald 2004) and this may lead to sex-biased mortality at wind 

farms.  

 

 

Figure 1. Monthly cumulative distribution of fatalities for the Skylark (Alauda arvensis) based on 

carcasses collected at wind farms between 2006 and 2011. 

 

This behaviour involves a vertical ascending flight, ranging from 50 m to more than 200 

m in some exceptional cases (Hedenström 1995; Donald 2004), which represents a high 

risk of collision in the presence of wind turbines. The sex-biased mortality may have 

important consequences to population dynamics if it reduces local reproductive success. 

The occurrence of non-random sex mortality has been reported for several bird species 

(e.g. Martín et al. 2007; Rymešová et al. 2012), and may be a critical factor in small 

isolated populations (Stifetten & Dale 2006). For Skylark populations, the high 

mortality of adult males at the beginning of the breeding season could decrease the 

number of established breeding pairs, which could affect the reproductive success of the 

local populations. Although most Skylark populations have a number of unmated males 

(the floaters), which may then occupy the breeding territories made available due to 
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accidental mortality of the occupant male (Donald 2004), a recurrent and almost 

exclusive high mortality of males in mountain areas with several wind farms seems 

likely to affect the recruitment of new males and so population stability. The potential 

total number of Skylark fatalities was calculated for the spring season by using two 

complementary estimators (Korner-Nievergelt et al. 2011; Bastos et al. 2013), 

considering several relevant parameters such as monitoring periodicity, monitoring 

period, number of wind turbines, mean carcasses persistence, mean searcher efficiency 

and detected mortality. The real mortality estimated was one order of magnitude higher 

when compared with the original results obtained for the detected mortality (Table 1). 

Therefore, these persistent long-term impacts may have potential effects on 

demographics, abundance, genetic structure and gene pool quality of the affected 

populations (National Research Council (NRC) 2007).  

Since this type of induced differential mortality on Skylark may have distinct ecological 

consequences, depending on the local population fitness and the prevailing 

environmental conditions (Bjørnstad et al. 1999; Devereux et al. 2008; Pearce-Higgins 

et al. 2009; Pearce-Higgins et al. 2012), an integrated analysis of distribution patterns, 

main habitats used, phenological aspects, ecological requirements, and the risk 

associated with behavioural characteristics may be crucial to understanding the real 

magnitude of the impacts attributable to wind farms (Fox et al. 2006; Santos et al. 

2010). Despite this, most studies on wind farms have disregarded these approaches, 

especially in the case of “common” species, and many criticisms have arisen from lack 

of scientific rigor and failure to evaluate effective impacts on bird populations (Masden 

et al. 2010). This study highlights the potential of a detailed analysis of bird carcasses 

detected in wind farms for more conclusive studies by the combination of post-mortem 

examinations and molecular techniques that allows the collection of more 

comprehensive information about the potential impacts of wind farms, otherwise mostly 

inaccessible namely for non-dimorphic bird species. Overall, the data provided in this 

kind of study will be useful as the basis or as a complement of population trends 

forecasting, and to improve conservation and management strategies in specific case 

studies. Further multidisciplinary research is essential to assess the cumulative impact 
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of sex and age differential mortality at wind farms on the structure and dynamics of 

affected bird populations, such as in this case of the Skylark.   
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Microsatellite markers suggest high genetic diversity in an urban population of 

Cooper's Hawks (Accipiter cooperii) 

 

Keywords. Cooper’s Hawk; urban ecosystem; Tucson; genetic diversity; polymorphism 

information content; microsatellite markers.  

 

Introduction 

The Cooper’s Hawk (Accipiter cooperii) is a raptor (Accipitriformes: Accipitridae) that 

breeds in North and Central America (BirdLife International 2012). This species 

occupies forest environments but is also common in urban and suburban areas 

(Rosenfield and Bielefeldt 1993). In North America, several urban ecosystems provide 

high quality habitat for this species (Boggie and Mannan 2014) and the rapid expansion 

of Cooper’s Hawk populations in urban areas is well-documented (Stout and Rosenfield 

2010). Tucson, Arizona, US has vegetation characteristics and prey species that make it 

favourable to Cooper’s hawks and supports one of the highest density of this species in 

North America (Boal and Mannan 1998; Boggie and Mannan 2014). Although Cooper’s 

Hawks are common in urban environments, the genetic diversity of urban-nesting 

populations remains only partially understood (Sonsthagen et al. 2012).  

The high densities of birds in urban populations can result in the emergence of synurbic 

populations (Francis and Chadwick 2012). The synurbization of bird species is 

increasing worldwide as a consequence of the demographic explosion and global 

urbanization (Luniak, 2004), which may have adverse effects on the population genetic 

diversity due to genetic drift, limited gene flow and inbreeding. Therefore, the 

synurbization of wildlife species is an important issue in conservation biology research 

and the effective characterization of synurbic species requires complementary studies on 

population genetics (Francis and Chadwick 2012; Luniak 2004). On the other hand, 

urban ecosystems are rapidly changing (Ramalho and Hobbs 2012) and the birds are 
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generally quite sensitive to variations in habitat structure and composition (Savard et al. 

2000). Local and landscape characteristics can be important determinants of species 

abundance, distribution and diversity within urban areas (Savard et al. 2000). Responses 

to anthropogenic changes are influenced by genetic variation levels, but patterns of 

genetic diversity can vary considerably across taxa and among species’ populations 

(Sultan 2007). Therefore, in addition to demographic, ecological and behavioral studies, 

the development of new approaches focused on genetic diversity analysis of populations 

is mandatory to understand the adaptive and evolutionary potential, as well as to 

implement effective conservation and management strategies (Sultan 2007; Redford et 

al. 2011).  

The use of a highly informative molecular markers system is essential for a reliable 

estimation of genetic diversity and differentiation (Selkoe and Toonen 2006). 

Polymorphism information content (PIC) is a key parameter, indicative of the 

informativeness degree of a marker, used as an index to measure and to evaluate the 

genetic variation of animal populations at molecular level, where higher PIC values 

indicate more alleles and higher polymorphism at that locus (Botstein et al. 1980). PIC 

values of more than 0.5 for microsatellite markers indicate that the loci are very useful 

for population assignment and genetic diversity analysis (Botstein et al. 1980). 

Therefore, microsatellites with highest allelic diversity and high PIC values are 

preferable for genetic characterization of Cooper’s Hawk populations. However, 

information on PIC parameter had not yet been achieved for microsatellite loci proposed 

for this species. In this context, the main goal of the present study was to characterize 

and to use highly informative microsatellite markers to assess the genetic diversity of a 

Cooper’s Hawks urban population. Once Cooper’s Hawks appears to have a high 

adaptive capacity to urban environments with a rapid colonization of new areas, we 

hypothesized that microsatellite data would reflect high levels of genetic diversity in the 

urban-breeding population of Tucson.    

  

 

Materials and methods 
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Feathers samples were plucked from Cooper’s Hawks nestlings (n = 142) during the 

2004, 2006 and 2007 breeding seasons (table 1) in Tucson (Arizona, US) (12S 506927E 

3565016N) (for nest locations see figure 1). All individuals of each nest with one 

(11.32%), two (32.08%), three (35.85%), four (18.87%) and five (1.89%) chicks [mean 

number of chicks per nest was 2.68 (±0.98 SD)] were sampled and included in the 

genetic analysis. The feather calamus was cut into small pieces with a scalpel 

immediately prior to DNA extraction procedures. Total DNA was extracted via the 

QIAamp DNA Micro Kit (Qiagen, Hilden, Germany) according to manufacturer’s 

protocol for isolation of genomic DNA from tissues, with some optimizations. Briefly, 

all samples were incubated at 55 ºC for 3 h with 300 μL of ATL buffer, 20 µL of 20 

mg/mL proteinase K and 20 µL of 1M dithiothreitol (DTT). DNA was collected by two 

sequential elutions with 100 µL of buffer AE. These individuals were sexed using a 

molecular methodology previously reported for Cooper’s Hawks (Ramos et al. 2009). 

The microsatellite analysis was carried out using three microsatellite loci: Age 2, Age 4 

and Age 8 (Topinka and May 2004). Forward primers were fluorescently labelled with a 

Beckman Coulter dye: D2, D3 or D4. The multiplex PCR was optimized with the 

QIAGEN Multiplex PCR Kit (Qiagen, Hilden, Germany) in a volume of 15 µL, 

containing 7.5 µL Qiagen multiplex PCR master mix, 1 pmol of forward primers, 0.5 

pmol of reverse primers, and 2 µL of genomic DNA (20-100 ng). PCR thermal 

conditions were as follows: 95 °C for 15 min, followed by 35 cycles of 94 ºC for 30 s, 

60 ºC for 90 s, 72 ºC for 90 s, and a final extension at 72 ºC for 10 min. The amplified 

fragments were analysed using a CEQ8000 automated sequencer (Beckman-Coulter, 

Fullerton, CA, USA) with the CEQ
TM

 DNA Size Standard Kit-400 (Beckman Coulter) 

as internal size standard. Allele size was determined after visual analysis of 

chromatograms in the CEQ 2000 fragment analysis software (Beckman Coulter). The 

total number of alleles (Na), observed and expected heterozygosity (HO and HE), number 

of genotypes (Ng), and inbreeding coefficients (FIS) were estimated using the 

GENALEX v.6.5 software (Peakall and Smouse 2012). Polymorphism information 

content (PIC) values were calculated with CERVUS v.3.0.3 programme (Kalinowski et 

al. 2007). Linkage disequilibrium (LD) between pairs of loci and deviations from 

Hardy-Weinberg equilibrium per sampling location were calculated with GENEPOP 
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v.4.2.2 software (Rousset 2008) by the Markov chain method (10000 dememorisation 

steps, 1000 batches and 10000 iterations/batch). Sequential Bonferroni correction was 

applied to adjust significant levels across multiple tests (Rice 1989). 

Population genetic structure was also investigated using a Bayesian clustering 

procedure implemented in STRUCTURE v.2.3.4 (Pritchard et al. 2000), which infers 

the optimal number of genetic clusters (K) using a Markov chain Monte Carlo (MCMC) 

algorithm. This method uses the multilocus genotype data to assign individuals to 

clusters under the assumption of Hardy–Weinberg and linkage equilibrium within each 

population (Pearse and Crandall 2004). To minimize potential bias due to family 

sampling, only one individual from each nest (53 chicks) were included in the analysis 

of genetic differentiation. The analysis consisted of 20 independent runs for all K values 

(varying from 1 to 3), each with 1000000 MCMC iterations after a burn-in of 100000 

iterations, under a model of admixture and correlated allele frequencies. CLUMPAK 

server (Kopelman et al. 2015) was used to process the structure outputs in order to 

obtain assignment probabilities of individuals (q) to each cluster and to display the 

results in a graphical interface. To further evaluate the geographic genetic structure 

among sampling sites, a principal coordinate analysis (PCoA) was implemented in 

GENALEX to ordinate genetic distance estimates (Nei 1978) calculated for the 

genotypic data. Mantel tests were used to estimate the correlation between pairwise 

matrices of genetic and geographic distances. The correlations were carried out using 

PASSAGE v.2.0.11.6 (Rosenberg and Anderson 2011) and the significance of the 

Mantel test was assessed using 100000 permutations. 
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Figure 1. Geographical location of the Cooper's Hawk (Accipiter cooperii) nests projected in the Tucson 

division (Pima county, Arizona, US) boundary map. The main land cover features of the study area (Fry 

et al. 2011) are highlighted with different colours.   

 

Results  

A high genetic diversity was observed among 142 genotypes (53 nests with 142 chicks: 

74 male, and 68 female) with 3 microsatellite primers (Age2, Age4, and Age8) during 

2004, 2006 and 2007 breeding seasons. A total of 64 alleles were generated, ranging 

from 7 in Age8 to 27 in Age2, with an average of 21 alleles per locus (table 1). The 

shortest microsatellite allele was 141 bp (Age8) and the longest, 390 bp (Age4). The 

number of genotypes ranged between 27 for Age8 and 80 for Age2 loci (table 1). The 

observed heterozygosity (HO) mean was 0.847, ranging from 0.761 in Age2 to 0.923 in 

Age4 (table 1), suggesting a high genetic variability in Cooper’s Hawk population. The 

average expected heterozygosity (HE) over 142 individuals was high (0.895) and was 

very similar for loci Age2 (0.934) and Age4 (0.930) (table 1) reflecting the different 

number and frequencies of the alleles found. For each locus, the HO was less than the 

HE except for Age8 where an excess of heterozygotes was observed (122 heterozygotes 

for 20 homozygotes). The PIC measure of each marker ranged from 0.793 for Age8 to 
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0.927 for Age2 loci, with an average of 0.881 among 142 chicks (table 1). Regarding 

the inbreeding coefficient (FIS), an average value of 0.046 was observed among all 

individuals, ranging from -0.030 (year 2007) to 0.061 (year 2006) (table 1). Significant 

deviations (P<0.001) from the Hardy-Weinberg equilibrium (PHWE) were found in Age2 

and Age4 after Bonferroni correction (table 1). Nevertheless, when a single chick per 

nest was considered, only the Age4 at year 2004 had a significant deviation from the 

HWE (P<0.01) (table 1). No significant evidence (P≥0.05) for linkage disequilibrium 

was found between loci. 

 

Table 1. Main characteristics of Cooper's Hawk (Accipiter cooperii) sampling collected in Arizona 

during three breeding seasons (years 2004, 2006 and 2007) and population genetic data obtained from the 

three microsatellite loci analysed. 

 
Nests 

(n) 

Chicks 

(n) 

Sex 

(n) 
Locus 

Allele size 

range 
Na HO HE Ng PIC FIS 

PHWE  

(all 

samples) 

PHWE  

(one chick 

per nest) 

Y
e
a

r 

2
0
0
4
 

 

16 
 

41 
15M/ 

26F 

Age2 171-333 19 0.756 0.930 29 0.912 0.177 0.000** 0.049NS 

Age4 265-390 17 0.951 0.921 28 0.903 -0.045 0.090NS 0.745NS 

Age8 141-162 8 0.853 0.818 18 0.787 -0.029 0.030NS 0.124NS 

              

Y
e
a

r 

2
0
0
6
 

26 75 
45M/ 

30F 

Age2 171-340 27 0.747 0.934 51 0.923 0.195 0.000** 0.102NS 

Age4 255-390 25 0.893 0.935 49 0.924 0.038 0.000** 0.006* 

Age8 141-162 8 0.835 0.818 24 0.787 -0.050 0.364NS 0.546NS 

              

Y
e
a

r 

2
0
0
7
 

11 26 
14M/ 

12F 

Age2 185-333 19 0.808 0.943 24 0.920 0.126 0.031NS 0.611NS 

Age4 265-375 16 0.962 0.914 23 0.888 -0.073 0.936NS 0.860NS 

Age8 141-162 7 0.885 0.746 13 0.746 -0.143 0.728NS 0.978NS 
              

A
ll

 

y
ea

r
s 53 142 

74M/ 

68F 

Age2 171-340 30 0.761 0.934 80 0.927 0.183 0.000** 0.070NS 

Age4 255-390 25 0.923 0.930 73 0.923 0.005 0.000** 0.103NS 

Age8 141-162 9 0.859 0.821 27 0.793 -0.051 0.067NS 0.232NS 
              

M - males, F - females, Na - number of alleles, HO - observed heterozygosity, HE - expected heterozygosity, Ng - number of genotypes, PIC – 

polymorphism information content, FIS - inbreeding coefficient, PHWE - P-values of Hardy-Weinberg equilibrium (significance of deviations 

from HWE after Bonferroni correction: NS not-significant, * significant (P<0.01), ** significant (P<0.001). 

 

Bayesian clustering analysis showed no evidence of population genetic structure for 

microsatellite data. All individuals became increasingly subdivided into multiple 

clusters approximately proportional in different values of K (figure 2a). Based on 

principal coordinate analysis no significant differentiation pattern between individuals 

was observed, being the genotypes randomly distributed (figure 2b). No correlation 

between genetic and geographic distances were found in our dataset (r=0.015, P=0.412).  
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Figure 2. Population genetic structure of Cooper's Hawk (Accipiter cooperii) inferred from microsatellite 

data of 53 individuals sampled from different nests in Tucson (Pima county, Arizona, US). (a) Individual 

assignment probabilities obtained in cluster analysis using STRUCTURE software; each column 

represents a different individual, and specific population clusters are differentiated by distinct colours. (b) 

Principal coordinate analysis (PCoA) plot based on the genetic diversity among the three microsatellite 

markers used in this study.   

 

Discussion 

The high levels of allelic diversity and number of heterozygote genotypes confirmed the 

high efficiency of microsatellite markers for genotyping this urban population of 

Cooper's Hawks, and highlighted the genetic richness available in the population 

studied. From three microsatellite primer sets tested, all gave DNA amplicons of the 

expected sizes and strong amplification in all samples. The number of alleles, expected 

heterozygosity and discrimination power found in all samples were high as reported 

from other authors, at the same loci, in studies about population genetics (Topinka and 

May 2004; De Volo et al. 2005; Dawnay et al. 2009). A high number of alleles and 

polymorphism level are expected for microsatellite markers because they are sequences 

of non-conding DNA with a fast mutation rate relative to other markers (Putman and 

Carbone 2014). Ortego et al. (2007) reported 172 alleles, at locus Fn2-14, in migratory 

species Falco naumanni. Nevertheless, different  results,  related  to  the  polymorphism  

levels  obtained  between  different  studies could  be  explained  by  the  fact  that  the  

number  of  individuals  and  primers  used  were  different. Moreover, these differences 

may reflect genetic divergence within the species. The average HE observed in our study 

was higher but in accordance to that obtained by other authors (Topinka and May 2004; 

De Volo et al. 2005). Topinka and May (2004) reported  HE mean values of 0.767, 
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using only 34 individuals, suggesting high polymorphism rates for Accipiter species. 

The HO values indicated that Age4 is the most informative and Age2 the least 

informative of the microsatellite assays.  

The high PIC values obtained for all loci supported the suitability of these microsatellite 

markers for molecular genetic studies of Cooper’s Hank populations. High PIC values 

with microsatellite markers were found in some markers screened for other bird of prey 

species (Dawnay et al. 2009). Following the criteria of Botstein et al. (1980), all three 

loci are highly informative (PIC>0.5), which also evidences the utility of these markers 

for inferences of population genetic structure in addition to genetic diversity analysis 

(Selkoe and Toonen 2006). The average FIS values close to zero are expected in random 

mating populations. The significant deviations from Hardy–Weinberg equilibrium 

obtained when the full dataset was analysed are clearly related to the samples (related 

offspring) used in the analysis. Deviations from Hardy–Weinberg equilibrium were 

practically negligible when only samples from different nests were considered.  

Our data shown high levels of genetic diversity in the Cooper’s Hawk population of 

Tucson. Although we have used different markers, the genetic diversity observed in this 

population is higher than those previously reported for other populations of this species. 

Moderate levels of genetic diversity were reported for Cooper’s Hawk populations 

breeding in North-Central and Western North America using microsatellite and 

mitochondrial markers (Sonsthagen et al. 2012). A genetic study focused on 

mitochondrial DNA variation within migratory raptors shown a low genetic diversity 

between Cooper’s Hawk individuals sampled in two major raptor flyways in the west 

(Goshute Mountains of Nevada and the Manzano Mountains of New Mexico) and a 

major eastern flyway (Cape May Point in New Jersey) (Pearlstine 2004). Nevertheless, 

the methodology used in this work was based on the detection of mitochondrial DNA 

variations using restriction enzymes which can induce bias due to high probabilities of 

genotyping errors due to the limited resolution and accuracy of the method (Pearlstine 

2004). No significant genetic structure was detected within the urban population of 

Cooper’s Hawk analysed in this study. The unique case of genetic differentiation 

between Cooper’s Hawk populations known was attributed to a restricted gene flow at 

large geographic scale as primarily consequence of geographic barriers to dispersal 
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(Sonsthagen et al. 2012). Although the absence of fine-scale genetic differentiation 

within the Tucson population would be expected, taking into account the absence of 

genetic structure between different populations breeding in North-Central America, our 

results must be interpreted with caution because the inferences were based only in three 

microsatellites (Putman and Carbone 2014).  

According to our data, the hypothesis that the rapid colonization and adaptation of 

Cooper’s Hawk to urban environment of Tucson is partially influenced by high levels of 

genetic diversity can not be rejected. There is increasing evidences that microsatellites 

provide an evolutionary advantage of fast adaptation to new environments (Kashi and 

King 2006). In fact, “standing genetic variations” appears to have important role in the 

population adaptation to novel and changing environments (Barrett and Schluter 2008), 

which means that populations with high genetic variability may have high adaptive 

capacity to different environments. Processes of synurbization are frequent among bird 

species, which demonstrates some ecological and behavioral plasticity in the adaptation 

to urban ecosystems (Luniak 2004). However, the role of genetic factors in the 

microevolutionary changes under anthropogenic pressures related to synurbic species 

remains unknown, not allowing to understand whether synurbic populations have their 

own genetic identity (Francis and Chadwick 2012; Luniak 2004). The Kestrel (Falco 

tinnunculus) is an emblematic synurbic diurnal raptor in Europe and its populations 

have been analysed in some genetic studies on urban and rural populations (Riegert et 

al. 2009; Rutkowski et al. 2006; Rutkowski et al. 2010). Nevertheless, the results of 

these studies are inconclusive to state that there is a clearly distinct pattern of genetic 

differentiation between these populations, evidencing the genetic complexity related to 

synurbic populations. Therefore, a multidisciplinary framework is crucial to understand 

and to characterize true sinurbic species, and clarify if responses to urban environments 

are adaptive and may lead to genetically distinct populations (Francis and Chadwick 

2012). In Tucson, Cooper’s Hawk have typical characteristics of synurbic populations, 

such as high population density (Boal and Mannan 1998), sedentary behavior in the 

natal area (Mannan et al. 2004), changes in breeding ecology (Boal and Mannan 1999), 

and differences in diet composition and foraging behavior (Estes and Mannan 2003), 

which can act as drivers of genetic diversity and differentiation leading to important 
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implications for conservation. Complementary studies based on ecology, ethology and 

population genetics, comparing urban and rural Cooper’s Hawk populations, are 

mandatory to provide further insight into the occurrence of synurbic populations. 

Furthermore, understanding the effect of evolutionary processes that occur in urban 

ecosystems in a rapidly changing environment is an important challenge for the coming 

years (Francis and Chadwick 2012). 
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Evaluating the regional cumulative impact of wind farms on birds: How can 

spatially-explicit dynamic modelling improve impact assessments and monitoring? 

 

Summary 

1. The Eurasian skylark Alauda arvensis is very susceptible to the negative effects 

of wind farms. In northern Portugal, this evidence is particularly severe due to 

the skylark’s preference for mountain breeding habitats where most wind farms 

are located. Facing the frequent failure of environmental impact assessments 

(EIA) to evaluate the cumulative impacts of wind farms on wildlife, this study 

aims to develop and test a methodology to quantify local and regional 

consequences on birds, using skylarks as a test species, taking into account 

future predictable environmental changes.  

2. We propose a spatially-explicit dynamic approach that combines the results 

from multiple modelling techniques under a common framework to assess the 

local and cumulative regional impacts of wind farms on skylark populations. 

This includes: (i) modelling the local impact of wind farms (in terms of collision 

mortality) on the skylark population dynamics by developing an index for 

quantitative assessments; (ii) determining the actual and future skylark breeding 

distribution across northern Portugal and (iii) integrating the above contributions 

in an emergent spatially-explicit regional representation to capture the ecological 

cumulative consequences as a whole. 

3. The simulations show an increasing average local impact for the skylark 

breeding populations directly affected by wind farms, expressed in mean number 
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of collision fatalities per UTM study unit (1 km
2
), representing 1.3% of the local 

breeders in 2006 and 4% in 2026. 

4. The distribution area of skylark breeding populations was predicted to decrease 

around 4.5% throughout a period of 15 years, as result of the scenario of climate 

and land cover changes in the study area. When combined with a concomitant 

increase of skylark global mortality (approximately 184%) induced by all wind 

farms in the study region, the above trend contributes to an intensification of the 

regional cumulative impact from 1.2% to 3.7% of the total estimated breeding 

individuals. 

5. Synthesis and applications. The proposed modelling framework represents a 

step forward in evaluating the multi-scale cumulative consequences of wind 

farms on vulnerable birds, using skylarks as a test species. This could be used in 

the future to guide monitoring efforts and to improve the applicability of the data 

bases generated by long-term ecological research and monitoring studies. 

 

Keywords: cumulative impact assessment; downscaling; infrastructural impacts; multi-

scale modelling framework; skylark population dynamics; species distribution 

modelling; system dynamics;  

 

Introduction 

Wind power generation has been the fastest growing source of renewable energy 

worldwide, which is leading to a rapid increase in the number of proposed new wind 

farms (Kaldellis & Zafirakis 2011). In the last two decades the wind energy sector in 

Portugal had increased by around 41% in 2013, considering the total power produced 

from renewable energies at the national level (DGEG 2013). The total installed capacity 

reached 4452 MW, generated by 224 onshore wind farms placed throughout the 

mainland territory (DGEG 2013), from which around 42% of the total wind turbines 

(~1060 wind turbines) are located in the north of the country (i.e. NUTS2-PT11, 

considering the European Union nomenclature of territorial units for statistics; 

EUROSTAT 2014). The region is dominated by mountainous areas with the greatest 

wind potential and favourable remote locations for the placement of wind farms. 
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Nevertheless, despite the clear benefits of wind energy i.e. the reduction of greenhouse 

gas emissions (Panwar, Kaushik & Kothari 2011), these areas are also important for 

wildlife conservation, e.g. with several Special Protected Areas and Natural Parks. In 

this context, the balance of cost–benefits, including the direct and indirect local impacts 

of wind farms on wildlife and nature conservation i.e. the collision mortality of birds 

and bats, has not been met (e.g. Drewitt & Langston 2006). Environmental impact 

assessment (EIA) and general ecological monitoring (GEM) programmes may provide 

mechanisms to support sustainable development and the conservation of biological 

diversity (Söderman 2006). The universal application of EIA and GEM is the basis for 

implementing national strategies of sustainable development. EIA is used to foresee the 

environmental consequences of proposed human actions and GEM is used to implement 

corrections and adaptations to reduce ecological impacts caused by humans (MacNeely 

1994). Although the ecological inputs to environmental statements are considered in 

EIA, many criticisms have arisen from lack of scientific rigour and failure to evaluate 

the effective ecological impacts (e.g. Masden 2010). 

The Eurasian skylark Alauda arvensis (Linnaeus, 1758), although a common and 

widespread breeding bird across Europe, is classified with an Unfavourable 

Conservation Status (BirdLife International 2004) due to a severe decline associated 

with extreme habitat changes induced by new agricultural paradigms since the 1970s 

(e.g. Chamberlain & Crick 1999). Considering that the population densities remain far 

below the reference level that preceded this decline, the species is currently classified as 

“Depleted” at the European level (BirdLife International 2004). In Portugal, although 

classified as “Least Concern” (Cabral et al. 2006), breeding skylark populations are 

almost exclusively distributed in the northern areas (Equipa Atlas 2008), selecting open 

mountain habitats that are heavily pressured by the increasing installation of wind 

farms. In this context, the skylark’s typical song flight, associated with mate choice and 

territoriality (Hedenström 1995), involving vertical flights that usually exceed 50 m in 

height, makes the species highly vulnerable to collision with wind turbines (Bernardino 

et al. 2010). Therefore, skylark populations from northern Portugal seem to be 

particularly susceptible to this anthropogenic disturbance, where the potential 

implications of wind farms at a regional scale may produce much larger effects (e.g. 
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cumulative consequences of persistent collision fatalities) among other adverse global 

changes (e.g. induced by the ongoing climatic alterations). The combination of local 

population dynamics (temporal) and regional distributional (spatial) models can help to 

predict how anthropogenic and environmental changes will affect the abundance and 

displacement of vulnerable species or communities in disturbed ecosystems and regions 

(e.g. Guisan & Thuiller 2005). Dynamic models allow prediction of trends in the local 

population dynamics (e.g. survival rates, breeding productivity, reproductive success), 

including those attributable to changes in habitat due to different sources of perturbation 

(Topping, Odderskær & Kahlert 2013). Complementarily, spatial models are useful to 

identify areas where the conflict between the previous forecasted trends and drivers of 

pressure are of major conservationist concern, by allowing the integration of the 

ecological consequences from local to regional levels (e.g. Bjørnstad et al. 1999; 

Pearce-Higgins et al. 2008; Roscioni et al. 2013; Santos et al. 2013; Roscioni et al. 

2014). 

Combining multiple modelling techniques under a spatially-explicit predictive 

framework could guide the assessment and timely mitigation of cumulative impacts 

while at the same time improving the strategic monitoring of wildlife change driven by 

specific processes (Bastos et al. 2012). In this context, this study aims to develop and 

test a model-based methodology to predict and quantify both the local effects of each 

wind farm and the cumulative impacts of these infrastructures at regional level on birds, 

using skylark’s breeding populations from northern Portugal as a test species. We 

propose a spatially-explicit dynamic modelling approach that combines the results from 

downscaling techniques, Species Distribution Models (SDMs), System Dynamics (SD) 

and Geographic Information Systems (GIS) under a common framework, supported by 

existing data bases. The framework proposal includes: (i) modelling the local impact of 

wind farms (in terms of collision mortality) and habitat suitability on the skylark 

population dynamics by developing an index for quantitative assessments; (ii) 

determining the actual skylark breeding distribution area across northern Portugal and 

project a possible future scenario of alteration of the species distribution area according 

to expected climate and land cover changes, and (iii) integrating the above contributions 

in an emergent spatially-explicit regional representation in order to capture the 
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ecological cumulative consequences as a whole. These procedures were tested as a 

contribution to improve the applicability of the existing data bases and the quality of 

infrastructural impact evaluation produced in the scope of long-term impact assessments 

and/or monitoring programmes. Moreover, we discuss the implications of this new 

methodology for the improvement of monitoring practice, especially in the case of 

project-based impact assessments but also as part of wider, strategic biodiversity 

observation programmes. 

 

Materials and methods 

STUDY AREA 

The study area is located in northern Portugal (Fig. 1), covering an area of 21 515 km
2
, 

which includes the main skylark breeding distribution at the national level, and 

populations are mostly found at higher altitudes in mountainous areas (Equipa Atlas 

2008; Catry et al. 2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Location of the study area in northern Portugal, the Natura 2000 network sites delimitation (black 

lines) and the wind turbine positions in the mountain areas throughout the region (black spots). 
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Although in the same area as several sites of the Natura 2000 network, the skylark 

distribution study area is highly pressured by the presence of wind farms (Fig. 1). This 

region is located in the transition of the Euro-Siberian (Atlantic) and the Mediterranean 

biogeographic regions (Costa et al. 1998), covering diverse climatic conditions due to 

its geographic position and rough topography (altitude range: 0–1545 m). The west part 

of the study area is characterized by a rainy and cold winter with a moderately hot and 

dry summer, particularly in low altitudes, while in the east the climate is increasingly 

drier. Mean annual rainfall ranges from ca. 400 mm in the eastern valleys to over 2500 

mm in the western mountain summits. The marked regional heterogeneity of the 

environmental conditions, land uses, geology and topography supports a high diversity 

of vegetation cover throughout the study area (Caetano, Nunes & Nunes 2009).  

 

THE MODELLING FRAMEWORK 

The proposed modelling framework (Fig. 2) combines downscaling techniques, species 

distribution models, system dynamics and integrative spatial projections (Geographic 

Information Systems), in order to assess the cumulative impacts of wind farms on 

skylark breeding populations in northern Portugal. The framework is initiated by the 

quantitative assessment of the local impact of wind turbines on the skylark breeding 

populations, designated by Local Impact Index. This index is calculated in terms of the 

skylark’s collision mortality, taking into account the influence of local habitat dynamics 

and the effects caused by the presence of the wind turbines. In parallel, the skylark 

breeding distribution is downscaled from coarse-scale existing data and projected under 

credible scenarios of climate and land cover changes. These simulations, when 

superimposed and integrated with fine-grained predictions, will allow assessing, in 

space and time, the magnitude of the predicted local effects at the regional level. In fact, 

since the cumulative ecological consequences from the contributions of singular wind 

farms are synergetic (Masden et al. 2010), the combination of such modelling 

techniques is considered a promising approach to address complex emergent problems 

related with long-term impact assessments of wind farms on birds, from local to 

regional contexts. 
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Fig. 2. Spatially-explicit dynamic modelling approach to assess the cumulative impacts of wind farms on 

skylark populations from northern Portugal. This framework combines the dynamic modelling of the 

local impacts induced by wind farms (in terms of collision mortality) and habitat suitability on skylark 

breeding populations (Local Impact Index), the determination of the actual and future skylark breeding 

distribution considering expected climate and land cover changes across northern Portugal, and the 

integration of the above contributions in an emergent spatially-explicit regional representation of the 

ecological cumulative consequences. 

 

DYNAMIC MODELLING 

Data resolution and study unit characterization  

In order to model the skylark population dynamics, an UTM grid of 1 km
2
 cells was 

superimposed onto the study area in order to record wind farm and land cover type 

variables. Wind farm location data was supplied by the Portuguese National Institute for 

Nature Conservation and Forests (ICNF) and overlaid to the UTM grid to identify the 

spatial units (i.e. 1 km
2
 UTM cells) where wind turbines are or will be installed (i.e. 

Regional integration  

of the outputs 

	

System Dynamics 

Downscaling 

Species Distribution Models 
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study units). This group of study units was considered as the spatial universe for skylark 

population dynamics modelling under the direct influence of wind turbines. The total 

number of wind turbines present in each study unit and the timing of the respective 

installation were considered taking into account the known commissioning year of the 

wind farms (Wind Power 2013). Therefore, from the 22 013 UTM cells of the study 

area, 500 were selected as study units considering the presence or future installation of 

wind turbines (ranging from 1 to 10 wind turbines per study unit) from a total of 1192 

wind turbines expected for the study region. Although most of the 123 wind farms were 

already installed in the study area between 1996 and 2011, 9 new wind farms were 

planned to be operational in 2014, representing 184 additional wind turbines. The 

Corine Land Cover 2006 (EEA, 2012) for the characterization of the land cover in the 

selected study units was used. Eight land cover categories were selected as 

representative of the land cover mosaic in which skylark breeding habitats are also 

present, as well as areas susceptible to becoming suitable habitats for the species, 

because of typical habitat dynamics in the region, mostly determined by fire events 

(Table 1). 

 

Table 1 Characterization of the land cover present in each study unit (1 km
2
 UTM cell), considered for the 

skylark population dynamics modelling, with the respective Corine Land Cover (CLC) code, land cover 

description and the selected habitat classes used for the dynamic model construction 

CLC code Description Model habitat classes 

311 Broad-leaved forest Shrublands and forests 

312 Coniferous forest Shrublands and forests 

313 Mixed forest Shrublands and forests 

321 Natural grasslands Open lands 

322 Moors and heathland Shrublands and forests 

324 Transitional woodland shrub Shrublands and forests 

333 Sparsely vegetated areas Open lands 

334 Burnt areas Burnt areas 

 

 

Conceptualization of the population dynamics model 

To predict the local combined effects of wind farms and habitat suitability on the 

skylark population dynamics (Fig. 3), four sub-models were designed in order to: (a) 

simulate the skylark population dynamics based on their reproductive biology; (b) 

reproduce the habitat dynamics taking into account the typical occurrence of fire events; 
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(c) generate stochastic fatalities attributable to collisions with wind turbines and (d) 

develop an index for the quantitative assessment of the local impact of wind farms in 

skylark population dynamics.  

 

Fig. 3. Conceptual diagram of the dynamic model used to predict the local combined effects of wind 

farms and habitat suitability on skylark population dynamics in northern Portugal. The model is 

composed of different dynamic sub-models and their interactions at the study unit level: (a) skylark 

population dynamics based on species reproductive biology, (b) the habitat dynamics taking into account 

the typical occurrence of fire events, (c) the influence of stochastic fatalities attributable to collisions with 

wind turbines and (d) the quantitative estimation of the local impact of wind farms (in terms of collision 

mortality) for skylark population dynamics (Local Impact Index). 
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Skylark population dynamics were expressed in densities (number of individuals per 

hectare). The time unit chosen was the month for a simulation period of 20 years, 

considered appropriate to capture population dynamics seasonality and to assess long-

term impacts taking into account the average lifetime of wind farms. In order to 

reproduce complete breeding cycles from skylark nest-building to the emancipation of 

the young birds, three stages of the species’ life-cycle were considered: nestlings, 

juveniles and breeding adults (males and females) (Fig. 3a) (section 2 of Appendix S1 

in Supporting Information). The processes and factors intrinsically associated with 

skylark population dynamics were based on existing parameters from several studies 

concerning the species general demographic and phenological attributes, such as 

breeding period, clutch sizes, hatching success, nestling mortality, juvenile mortality 

from independence to age of first breeding, and adult survival rates (see Table S1). 

Overall, the density of nestlings was generated taking into account the number of 

breeding pairs present in each study unit (Fig. 3a), the respective multi-brood attempts 

with realistic random clutch sizes (Delius 1965), and the natural mortality of nestlings 

(Shurulinkov 2005) (section 2.1. of Appendix S1). Since resource availability limits the 

number of viable breeding territories, and competition makes some individuals leave 

when all suitable breeding territories are occupied (Delius 1965), we assumed density-

dependent dispersal mechanisms to model the species population dynamics (section 2.3. 

of Appendix S1). In this context, floaters were assumed as the individuals who re-enter 

into the reproductive population when a breeding territory or potential mate becomes 

available (Penteriani, Ferrer & Delgado 2011) (Fig. 3a) (section 2.4. of Appendix S1). 

For a better integration and comprehension of the abundances simulated for each study 

unit, the skylark density was automatically converted into the total number of 

individuals (section 3 of Appendix S2), considering the available area of favourable 

habitats, expressed dynamically by the combination of the three main classes of land 

cover selected: “open lands”, “burnt areas” and “shrublands and forests” (Table 1 and 

Fig. 3b) (section 2 of Appendix S2). The class “open lands”, which includes natural 

grasslands and sparsely vegetated areas (Table 1), was assumed as the optimal breeding 

habitats for the species, since the skylark breeding distribution in the Iberian Peninsula 

is highly associated with shrub-steppes (Suárez, Garza & Morales 2003). The class 
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“burnt areas” (Table 1) represents areas affected by fires within the study region, a 

stochastic but recurrent event with a typical influence on the local ecological 

successions (Moreno, Vazquez & Velez 1998). This class was also considered a suitable 

breeding habitat since the species prefer areas with low vegetation height and sparse 

ground covers for nesting (Toepfer & Stubbe 2001; Catry et al. 2010). Conversely, the 

class “shrublands and forests” represents unsuitable areas for skylark breeding (Toepfer 

& Stubbe 2001) but as they are susceptible to burning, they have potential to become 

suitable for the species (Table 1). To model the habitat dynamics, transition flows were 

mediated by temporal rates implicated on the ecological succession of the main 

structural vegetation covers, including post-fire successions (Moreira et al. 2003) 

(section 2.2. of Appendix S2). The fatalities at wind turbines (Fig. 3c) were randomly 

generated considering the realistic limits based on skylark mortality estimates (Korner-

Nievergelt et al. 2011) from carcass searches carried out at 10 wind farms in northern 

Portugal (e.g. LEA 2012) (section 2 of Appendix S3). The occurrence of biased 

collision mortality, affecting almost exclusively the adult males (90.9% of the total 

carcasses found at the study wind farms; Morinha et al. 2014), was considered a critical 

model parameter due to its potential influence on the local population dynamics (section 

2.3.3. of Appendix S1). The Local Impact Index (Fig. 3d) was based on the percentage 

of breeding individuals killed by collisions in each study unit (section 3 of Appendix 

S4). We used the software STELLA 9.0.3 for the construction of the stochastic dynamic 

model. The original conceptual sub-models (Figures S1, S2, S3, S4, S5), all details and 

full explanations (Appendices S1, S2, S3, S4, S5), including parameters (Table S1) and 

equations (Table S2) used in the model construction, are available in online Supporting 

Information. 

 

Stochastic dynamic simulations and spatial projections 

To estimate the Local Impact Index, every study unit was characterized considering the 

initial area of each habitat class and the total number of wind turbines, existent and/or 

expected to be installed during the simulation period. Since the dynamic model 

simulations are influenced by stochastic factors associated with biological parameters, 

fire events and mortality attributable to collisions with wind turbines (see Appendix S1), 
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100 independent simulations per study unit were carried out. The timing of the wind 

turbines’ installation was activated throughout the simulations taking as reference 2006, 

the starting year of the simulations according to the available initial land covers from 

the Corine Land Cover 2006. Therefore, the spatial representation of the dynamic 

outputs, projected for each study unit, enabled us to integrate the geographical 

projections of the Local Impact Index at a regional level throughout the 20 years 

simulated. In order to evaluate the regional trend of the Local Impact Index two time 

frames were selected, the first year (t = 1; year 2007) and the 15th year (year 2021) of 

the simulation, from which the respective spatial projections were produced. The time 

frames selected were chosen in accordance with the dynamic modelling requirement of 

previous available background data, which was based on climatic variables and land 

cover inventories for 2006 and forecasting scenarios for 2020, also used for the 

respective projections of skylark breeding distribution (see section 2.4.2.). 

 

DOWNSCALING AND SPECIES DISTRIBUTION MODELS 

Environmental variables 

We first selected a set of variables that, according to expert knowledge, previous 

reporting in the scientific literature and available data, could act as determinants of 

skylark distribution (Suárez, Garza & Morales 2003; Catry et al. 2010). To avoid high 

correlation between selected variables, we tested for pairwise correlations using 

Spearman’s rho correlation coefficient, and only variables with correlation lower than 

0.7 were considered (Elith et al. 2006). In the case of correlated pairs of variables, we 

chose the one with more direct ecological relevance for the distribution of skylarks 

(Guisan & Thuiller 2005). This analysis yielded a final set of 14 environmental 

variables to fit the SDMs (see Table 2 for more details), including attributes of climatic 

conditions, land cover/landscape composition, fire regime, landscape structure, dispersal 

corridors, and primary productivity.  
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Table 2. The environmental classes of the variables used in the downscaling procedures for the skylark 

distribution and the respective main sources of data 

 

Environmental classes Variables Source 

Climate AnnPrec (Annual Precipitation) 
Current data: http://worldclim.org/current 

Future scenarios: http://www.ccafs-climate.org/data/ 

Landscape composition 

pUrb (% cover of urban areas) 

http://www.projectosign.org 

pAgr (% cover of agricultural areas) 

pAnCro (% cover of annual crops) 

pBlFor (% cover of broadleaf forests) 

pCoFor (% cover of coniferous forests) 

pMixFor (% cover of mixed forests) 

pPioMos (% cover of pioneer mosaics) 

Fire regime 
MaxBurn (maximum percentage of burned area 

between 1990 and 2009) 

http://www.icnf.pt/portal/florestas/dfci/cartografia/info-

geo 

Dispersal corridors DensRiv(density of local hydrographic network) http://sniamb.apambiente.pt/webatlas/ 

Landscape structure  

Alt (altitude) 
http://www.cgiar-csi.org/data/srtm-90m-digital-

elevation-database-v4-1 
SwiAlt (local diversity of altitude types) 

NumP (number of patches present in each grid 

cell)  
Patch Analyst  

Primary Productivity meanGPP (mean gross primary productivity) http://www.ntsg.umt.edu/project/mod17#data-product 

 

 

Downscaling of species data and fitting of static Species Distribution Models 

In order to standardize the spatial resolution of the skylark breeding distribution with 

the pertinent scale to model the species’ local population dynamics, we applied a 

standard technique approach to downscale coarse-scale species data (100 km
2
), 

extracted from the Atlas of Breeding Birds of Portugal (Equipa Atlas 2008), into fine-

scale species data (1 km
2
). In this way, the integration of compatible fine-scale spatial 

projections became adjusted for the quantitative assessment of the impacts caused by 

wind farms at a regional level (McPherson, Jetz & Rogers 2006). The downscaling 
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procedure used in this work was the centroids approach (Bombi & D’Amen 2012), 

where the centroids of all occupied 100 km
2
 by the species were considered as presence 

points. Conversely, we used the centroids of all unoccupied 100 km
2
 cells as absences. 

The centroids were then used to sample the environmental conditions at the finer 

resolution (1 km
2
). The environmental data together with the finer resolution species 

data (centroids) were used to calibrate and project static species distribution models. 

Fine-grained predictions were obtained for current conditions and under a climate 

change scenario for year 2020 (scenarios A1 from the Intergovernmental Panel on 

Climate Change – IPCC; Nakicenovic & Swart 2000). Static SDMs were calibrated 

under an ensemble forecasting framework using the biomod2 package (Thuiller et al. 

2009), available at http://cran.r-project.org/web/packages/biomod2/index.html) in the 

free statistical software R (R Development Core Team 2012). Model calibration was 

performed using the 10 available modelling algorithms in biomod2 (for more details see 

biomod2 help files and vignettes). The area under the curve (AUC) was obtained as an 

evaluation output for each model and only models with AUC > 0.7 were used in the 

ensemble procedure (Fielding & Bell 1997). The biomod2 package allows the use of a 

cross-validation repeated split-sample procedure, keeping 20% of the initial data out of 

the calibration for subsequent validation of the predictions. The number of repetitions 

was set to 10 (Thuiller et al. 2009). Model predictions were then used to produce a 

single ensemble model applying the Mean (all) consensus method (i.e. it decreases the 

predictive uncertainty of single models by calculating the mean value of the ensemble 

of predictions), which provides more robust predictions than single models or other 

consensus methods (Marmion et al. 2009). Finally, model projections under current 

conditions and the climatic scenario considered for year 2020 were reclassified into 

presence–absence using the ROC threshold (maximizing the percentage of presences 

and absences correctly predicted i.e. the probability where sensitivity = specificity; Liu 

et al. 2005).  

 

CUMULATIVE IMPACT ASSESSMENT AT THE REGIONAL LEVEL 

Since the cumulative implications of wind farms on skylark populations are only 

entirely perceptible when considering regional scales, an integrative assessment of all 
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local impacts on the skylark breeding population dynamics was considered in northern 

Portugal. Therefore, the likely regional impact on skylarks, induced by wind farms and 

habitat suitability, was attained by the integration of the outputs from the 

complementary modelling techniques considered in the proposed framework (Fig. 2 and 

section 2.2. for details). First, the average Local Impact Index for skylarks was 

calculated based on the overall Local Impact Index values of the study units considered 

(500 UTM 1 km
2
 cells) per year of simulation. This metric represents the trend of the 

average local impact per study unit, considering the incremental load of all wind 

turbines planned to be installed in the northern region of Portugal through the 

simulation period. Secondly, the spatially-explicit integration of the skylark breeding 

distribution and the forecasted wind farm impacts (expressed by the Local Impact Index 

of the study units) was produced for 2007 and 2021, highlighting regional areas with the 

greatest potential conflicts. Finally, reference population metrics, such as “density of 

breeding pairs per km
2
” and “density of adults per km

2
” (i.e. breeding individuals and 

floaters excluding juveniles), were calculated from the simulated skylarks’ local 

population dynamics in contexts without the direct influence of the wind turbines (see 

Appendix S6). These metrics were extrapolated at the regional level as a skylark 

population abundance background considering only the UTM cells included in the 

species breeding distribution areas projected for 2007 and 2021. The regional 

cumulative impact of wind farms on skylarks was therefore inferred by quantifying the 

total number and percentage of individuals expected to be killed per year by collisions 

with wind turbines, taking as reference the respective regional estimates for the 

skylark’s total abundance. 

 

Results 

SKYLARK POPULATION DYNAMICS 

For demonstration purposes, some possible simulations of skylark population responses 

to habitat dynamics for one of the study units are shown in Fig. 4.  
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Fig. 4. Possible simulations of the dynamic model concerning skylark population responses to habitat 

dynamics in one of the study units, throughout a period of 20 years, expressed as: a) local abundance 

from a single simulation where the arrows mark the random occurrence of fire events that provide the 

appearance of new suitable breeding areas and b) average local abundance with the respective 95% 

confidence limits from 100 independent simulations. 
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vegetated areas and burnt areas (Fig. 4a). Skylark population dynamics are represented 

by typical fluctuations marked by periods of higher abundance of individuals, during the 

breeding seasons, and periods of lower abundances in the non-breeding seasons. 

Additionally, the local population trends are also strongly influenced by the availability 

of suitable breeding areas mainly determined by a random pattern of fire events (Fig. 

4a). Considering these stochastic influences, the average local abundance from 100 

independent simulations was projected in order to capture the population trend for each 

study unit (Fig. 4b). 

 

AVERAGE LOCAL IMPACT INDEX 

The obtained results show an increasing average local impact per study unit through the 

simulation period of 20 years (Fig. 5), where skylark fatalities attributable to the 

collision with wind turbines are predicted to increase from 1.3% of the local breeding 

populations in 2006 to 4% in 2026.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. The average Local Impact Index induced by wind farms on the skylark breeding populations, 

expressed in mean number of collision fatalities per UTM study unit (1 km
2
), considering the incremental 

load of all wind turbines planned to be installed in the northern region of Portugal throughout the 

simulation period of 20 years. 
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This trend reflects the intensification effect of wind farms’ gradual installation within 

the study area, ranging between 412 wind turbines in 2006 (35% of the study units 

projected to have wind turbines) and 1192 wind turbines in 2014 (100% of the study 

units with wind turbines), which remain stable until 2026 (Fig. 5). 

 

SPATIOTEMPORAL PROJECTIONS AND MORTALITY ESTIMATIONS AT THE 

REGIONAL LEVEL 

The visual inspection of the spatially-explicit dynamic outputs attained for the impact of 

wind farms on skylark populations, in 2007 and 2021 (Fig. 6), shows that the greatest 

potential for conservationist conflict is coincident with the ridges of mountainous areas, 

the species’ main breeding habitats. In comparative terms, around 5% of the estimated 

skylark breeding distribution area was under the influence of wind farms in 2007, 

increasing to more than 12% in 2021. For the same period, the species breeding 

distribution area is predicted to decrease 4.5%, from 3314 km
2 

in 2007 to 3165 km
2
 in 

2021, as a consequence of the scenario considered for climate and land cover changes. 

The density of breeding individuals, obtained from the skylark’s local population 

dynamic simulations indicates an average of 26.8 breeding pairs per km
2 

from a total of 

90.6 adults per km
2
. Taking into account these reference values and the species breeding 

distribution areas projected for 2007 and 2021, the estimated 88 776 skylark total 

breeding pairs (from a total of 300 267 adults) in 2007 are expected to decrease to 84 

785 breeding pairs (from a total of 286 767 adults) in 2021, considering only the effect 

of the breeding distribution area reduction in northern Portugal. Additionally, the 

simulated skylark mortality associated with all wind turbines installed at the regional 

level rises from 1102 fatalities among the breeders in 2007 to 3128 fatalities in 2021, 

which represents a drastic increase of approximately 184%. Overall, these combined 

results represent an intensification of the direct cumulative regional impact for skylark 

populations, expressed by the percentage of the total number of breeders killed by 

collisions with wind turbines, from 1.2% in 2007 to 3.7% in 2021 of the total breeding 

population from northern Portugal. 
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Fig. 6. Spatially-explicit integration of skylark breeding distribution, which coincides with the main 

mountain areas of the study region, and the Local Impact Index location for 2007 and 2021.  
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Discussion 

 

ASSESSMENT OF THE CUMLUATIVE IMPACT OF WIND FARMS ON 

SKYLARKS 

Portugal is one of the European Mediterranean countries where the climate is expected 

to change substantially (EEA 2010) and the consequences on species distributions are 

assumed to represent a relevant background source of environmental stress, especially 

when combined with persistent infrastructural impacts (Harrison, Berry & Dawson 

2001). In this context, despite the recognition that the wind farms and the associated 

local ecological impacts represent a current cause for concern (Masden et al. 2010), 

there is still a lack of evaluation and forecasting of their long-term cumulative 

ecological consequences (Roscioni et al. 2013; Santos et al. 2013; Roscioni et al. 2014). 

These are, for instance, the impacts resulting from the intensification of wind farm 

installation on the skylark breeding populations, one of the most affected bird species in 

Portugal by direct collision with wind turbines (e.g. Bernardino et al. 2010; LEA 2012). 

Moreover, the skylark breeding distribution area was predicted to decrease taking into 

consideration the future environmental changes projected for 2021, which might rely on 

the expected shift towards warmer conditions in mountain regions (Theurillat & Guisan 

2001). In northern Portugal, skylarks preferentially select habitats at higher altitudes to 

breed and the predicted population decline may reflect important environmental 

constraints for breeders, namely in terms of habitat loss and/or deterioration of habitat 

quality (Sanz-Elorza et al. 2003; Drewitt & Langston 2006). The expected installation 

of new wind farms aggravates this scenario, considering that more than 12% of the 

estimated skylark breeding distribution area in 2021 will be under the influence of these 

infrastructures. Since skylark collision mortality was predicted to have a radical increase 

for the same period at the regional level (about 184%), this seems to represent a non-

negligible persistent impact with potential consequences on the size and quality of the 

affected populations (Drewitt & Langston 2006). In fact, the combination of these 

detrimental trends with the sex-biased mortality reported for the study area (Morinha et 

al. 2014) might have consequences beyond the known direct impacts, namely in the 

reproductive success and fitness of the local populations (Bjørnstad et al. 1999).  
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Our reference outputs are in agreement with field observations and other studies that 

investigated the ecological consequences of similar anthropogenic and environmental 

changes (e.g. Harrison, Berry & Dawson 2001; Pearce-Higgins et al. 2008). For 

example, the skylark average density of 26.8 breeding pairs per km
2
 (from a total of 

90.6 adults per km
2
), simulated for natural grasslands and sparsely vegetated habitats 

from the uplands of northern Portugal, is within the interval of values reported by 

several European studies for the species in natural grasslands, ranging from 11 to 90 

breeding pairs per km
2
 (Donald 2004). Moreover, in a mountainous area from Galicia 

(north-west Spain), a contiguous region of the study area with similar biogeographic 

characteristics and global extent, the average skylark total abundance was estimated at 

269 955 adults (breeding and non-breeding birds, excluding the juveniles) for 2004–

2006, ranging between 195 775 and 354 127 birds (Carrascal & Palomino 2008), 

compatible with our simulated value of 300 267 adults for the study area in 2007, which 

seems to represent a credible modelling performance. 

 

IMPLICATIONS FOR PROJECT-BASED AND STRATEGIC MONITORING 

Overall, the spatially explicit regional patterns of the metrics simulated seem to capture 

with credibility the effects of the intensification of wind farm installation combined 

with scenarios of environmental changes towards new expected conditions. These 

outputs are encouraging since they seem to represent a step forward in evaluating the 

regional consequences of wind farms on a vulnerable bird species, but are easily 

adaptable to other species and circumstances. This kind of new model-based 

methodology could be used to support strategic options for impact mitigation and 

management, e.g. in the context of project-based impact assessments, by providing 

projections of long-term indicator trends under realistic social–ecological change 

scenarios (Topping, Odderskær & Kahlert 2013). Additionally, this could act as an 

integrative multi-scale modelling tool to guide and improve the strategic monitoring of 

wildlife change driven by combined sources of pressures, providing insights into future 

data gathering efforts for the evaluation of cumulative impacts on biodiversity (Roscioni 

et al. 2013; Santos et al. 2013). The proposed framework could thus be integrated in the 

paradigm of wider biodiversity observation networks (e.g. LTER, GEO-BON) to 
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reinforce the quality of long-term impact assessments (e.g. Scholes et al. 2008) by 

improving the potential applicability of the existing data bases. Moreover, the capacity 

to accurately forecast responses of standard ecological indicators to landscape changes 

is crucial considering the distinct drivers that act on vulnerable species, guilds and 

communities. Since modelling expertise is required, our framework is particularly 

suitable for management recommendations in the scope of conservation programmes, 

namely by anticipating, with scientific credibility, future ecological consequences 

associated with infrastructural impacts. In this perspective, we highlight the interplay 

between model-based research and biodiversity monitoring, which will make the 

methodology more instructive and credible to technicians, decision-makers and 

environmental managers. In fact, predictive modelling tools can contribute to an 

increasing efficiency and usefulness of monitoring results for assessing and mitigating 

anthropogenic impacts, whereas strategic monitoring can provide robust data sets to 

validate models and improve their predictive power (Brotons, Herrando & Pla 2007). 

 

Supporting Information (Data are available in the online supporting information) 

Additional Supporting Information may be found in the online version of this article: 

Appendix S1. Detailed conceptualization description of the sub-model to simulate 

skylark population dynamics. 

Appendix S2. Detailed conceptualization description of the sub-model to simulate the 

habitat dynamics. 

Appendix S3. Detailed conceptualization description of the sub-model to simulate 

skylark fatalities at wind turbines. 

Appendix S4. Detailed conceptualization description of the sub-model to calculate the 

Local Impact Index. 

Appendix S5. Detailed conceptualization description of the sub-model to calculate 

independent metrics of the skylark breeding productivity. 

Appendix S6. Detailed description of the metrics estimates “density of breeding pairs 

per km
2
” and “density of adults per km

2
”. 

Table S1. Specification of the main variables included in the model and respective 

description, units and bibliographic source. 
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Table S2. Specification of all mathematic equations included in the model. 

Fig. S1. Conceptual diagram of the sub-model for simulate the skylark population 

dynamics. 

Fig. S2. Conceptual diagram of the sub-model for simulate the habitat dynamics. 

Fig. S3. Conceptual diagram of the sub-model for simulate skylark fatalities at wind 

turbines. 

Fig. S4. Conceptual diagram of the sub-model for calculate the Local Impact Index. 

Fig. S5. Conceptual diagram of the sub-model for calculate independent metrics of 

skylark breeding productivity. 
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First isolation of the White-Nose Syndrome fungus (Pseudogymnoascus 

destructans) in bats from Portugal 

Abstract 

The psychrophilic fungus Pseudogymnoascus destructans (formerly known as 

Geomyces destructans) is considered the etiological agent of the White-Nose Syndrome 

(WNS), an emergent disease which affects bats during their hibernating period. WNS is 

clinically characterized by the growth of a white fungus on muzzles, ears and wings 

membranes of affected bats. This syndrome has been causing several millions of deaths 

in bats from North America. Conversely, wild European bats show no evidence of 

significant mortality occurrences associated with this disease. P. destructans has been 

isolated from bats in at least 15 European countries since 2008, but was never before 

reported in Iberian Peninsula. This study describes the first case report of WNS in bats 

from Portugal. We isolated P. destructans from three Myotis blythii hibernating 

specimens (lesser mouse-eared bat) with visual signs of WNS, during a routine visit to a 

mine located in Trás-os-Montes region, north Portugal. M. blythii is one of the rarest 

species in Europe, classified as Critically Endangered in Portugal. P. destructans was 

obtained from at least three different parts of the body of each specimen analyzed. The 

identification of the respective fungal isolates was based on macroscopic and 

microscopic characterization of the cultures and confirmed by PCR-based analysis. All 

nucleotide sequences obtained showed 100% identity with previous data reported for P. 

destructans. This new finding improves the current knowledge about European 

distribution of WNS, which is of great interest for forthcoming studies on the disease 

dispersion and impact among bat populations at regional and/or global level.  
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Keywords: Pseudogymnoascus destructans, white-nose syndrome, WNS, bat, Myotis 

blythii, Portugal.  

Introduction 

White-Nose Syndrome (WNS) is an emerging infectious disease that has caused several 

millions of bat deaths in eastern North America, with unprecedented devastating effects 

on the hibernating populations (Cryan et al. 2013). The first evidence of WNS in North 

America was recorded in 2006 in east central New York caves, where some local 

hibernating bats exhibited an unusual white substance on their muzzles (Blehert et al. 

2009). Due to its epizootic character, the disease spread to other areas, and WNS has 

now been detected in 22 USA states and 5 Canadian provinces (U.S. Fish and Wildlife 

Service, 2013). 

The clinical presentation of WNS is characterized by the presence of conidia and 

hyphae of a white fungus on bats’ muzzles, pinnae, and/or wings, which was isolated 

and subsequently classified as a novel species of the genus Geomyces, family 

Pseudeurotiaceae, designated Geomyces destructans (Gargas et al. 2009). More 

recently, a change of its taxonomic classification to Pseudogymnoascus destructans has 

been proposed by Minnis and Lindner (2013), based on phylogenetic analysis of eastern 

North American Geomyces and allies isolates with evidences that the closest relatives of 

this group are members of the Pseudogymnoascus roseus species complex. P. 

destructans is a psychrophilic fungus, with an optimal in vitro grow temperature range 

of 12.5 - 15.8 ºC (upper limit of 19.0 - 19.8 ºC), whose vital proliferation is limited to 

cool environments such as those typically observed inside bat hibernacula caves (Verant 

et al. 2012). Morphologically, P. destructans is characterized by asymmetrically curve 

conidea (Gargas et al. 2009). Fungal hyphae are branched and septate, with variable 

diameter and shape (parallel or irregular walls). Curved-shaped conidia measuring 2.5 

μm wide and 7.5 μm in length have uni- or bi-lateral blunted ends, and a basophilic 

center (Meteyer et al. 2009). 

Phylogenetic analysis of fungal isolates obtained from hibernacula bats in eastern North 

America, reinforce the hypothesis that this pathogen is non-native and invasive in 

eastern North America since there are no closely related sister taxa between P. 

http://www.sciencedirect.com/science/article/pii/S1087184513001564#b0880
http://www.sciencedirect.com/science/article/pii/S1087184513001564#b0880
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destructans and other cohabitant fungi in the same geographical area (Minnis and 

Lindner 2013).  

In Europe, the studies carried out to investigate the first samples potentially related with 

WNS, collected between 2008 and 2010, have shown that the occurrence of P. 

destructans was also confirmed in six countries (France, Germany, Switzerland, Czech 

Republic, Slovakia & Hungary) (Martínková et al. 2010, Puechmaille et al. 2010, 

Wibbelt et al. 2010, Šimonovičová et al. 2011). Despite the new confirmations of WNS, 

described for more nine countries (Austria, Belgium, Denmark, Estonia, The 

Netherlands, Poland, Romania, Turkey and Ukraine), the extent of the distribution of P. 

destructans in Europe remains poorly known (Puechmaille et al. 2011).  

Clinical signs of WNS in bats includes the characteristic presence of white fungal 

proliferation on glabrous skin of muzzle, ears, and wings, but also epidermal cupping 

lesions, anomalous behaviour in winter, significant depletion of fat reserves, hypotonic 

dehydration and concomitant electrolyte depletion (Foley et al. 2010, Cryan et al. 2013). 

Histopathologically, the WNS lesions reveal hyphae invasion of epidermis, dermis and 

underlying connective tissue, hair follicles and associated sebaceous glands, as well as 

the presence of P. destructans characteristic conidiospores (Pikula et al. 2012). 

European bats present similar morphological/histological characteristic lesions of the 

WNS also observed in North America (Pikula et al. 2012), however, no cause-effect 

relationships were described between the mortality recorded among wild European bats 

and the occurrence of this disease (Puechmaille et al. 2011). Studies concerning biopsy 

samples of skin lesions from European bats suggested that these are mild, and restricted 

just to the layers of the epidermis and its adnexa, when compared with the ulcerations 

presented in the specimens of North America (Wibbelt et al. 2013).  

The experimental infection of bats with P. destructans strains confirmed what had 

already been observed in wild bats affected by WNS that aroused from torpor more 

frequently than those not affected (Reeder et al. 2012, Warnecke et al. 2012). Although 

the mechanism of awakening from torpor is not yet fully understood, its contribution to 

energy expenditure and the resultant increase in mortality is evident. 

In the European context, only the species belonging to the Myotis genera have been 

recorded as cases of WNS, despite the simultaneous presence of other bat species in the 
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same caves (e.g. Miniopterus schreibersii, Rhinolophus hipposideros and R. 

ferrumequinum) (Puechmaille et al. 2011). Myotis is one of the most diverse genera, 

represented by 103 species through the Holoarctic region (Simmons 2005, Stadelmann 

et al. 2007). 

The present paper describes the first case report of WNS in bats from Portugal and 

Iberian Peninsula. P. destructans was isolated from lesser mouse-eared bat (Myotis 

blythii, Tomes 1857) during the hibernation season. The M. blythii is one of the rarest 

species in Europe, however with a large Euro Asiatic distributional range (Dietz et al. 

2009). In Portugal, the species is classified as Critically Endangered (CR), where the 

area of occupancy is very restrict (less than 10km
2
) and highly fragmented (Palmeirim 

et al. 1999, Rodrigues et al. 2003). The total population effective encompasses less than 

2,500 mature individuals (Cabral et al. 2006), mainly recorded in colonies (almost 

exclusively in caves) from the South (Algarve) and North (Trás-os-Montes) regions of 

Portugal (Palmeirim et al. 1999).  

 

 

Material and Methods 

Study area  

During a routine census of hibernating bats, carried out in mines near Vila Real 

(41º15.458’N; 7º53.405’O), North Portugal, three individuals of Myotis blythii were 

found, in March 2013, with visual signs of WNS (Fig. 1). Other 6 individuals of this 

species were also identified in the same cave, an old mine called “Maria Isabel”, as well 

as 3 Plecotus auritus and 5 Rhinolophus ferrumequinum, all without visual signs of 

WNS. The average air temperature and humidity near the animal’s position were 7.1 ºC 

and 88%, respectively. 
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Fig. 1 - Pseudogymnoascus destructans present in skin lesions of bats from north Portugal. a) Fungal 

growth on muzzles, wings and feet of Myotis blythii (lesser mouse-eared bat); b) P. destructans growth on 

potato dextrose agar (PDA) and Sabouraud dextrose agar (SAB) media at 12.5 °C in 18 days; c) Darkfield 

microscopic photography of P. destructans isolate - conidiophores and curved conidia mag. 2500×; d) 

and e) Scanning electron micrographs (FEI Quanta 400 ESEM) of P. destructans isolate - conidiophores 

and curved conidia, mag. 2500× and 10000×, respectively. 

 

Sample collection  

Samples were collected from live bats using wet cotton sterile swabs (immersed in 

sodium chloride solution 0.9%) by gently touching skin lesions compatible with WNS, 

and promptly reemerged in cap tubes with sterile saline solution in order to avoid 

environmental contamination. They were collected from white or yellow lesions present 

on bats' muzzles, ears/pinnae, wings and feet. These procedures fully respect the 

Guidelines of European Community Directive 92/43/EEC 

(http://ec.europa.eu/environment/nature/legislation/habitatsdirective/index_en.htm) and 

the Agreement on the Conservation of Populations of European Bats 

(www.eurobats.org). No bat mortality was observed in the study cave. 

A total of fifteen samples were taken from the three specimens of Myotis blythii with 

obvious fungal growth on their bodies (Fig. 1a). 

 

Culture, isolation and microscopic identification  

Each swab was then streaked onto three Sabouraud dextrose (Liofilchem
TM

), Potato 

dextrose (Difco
TM

) and Dermatophyte Test Medium (Microkit
TM

) agar plates each, 

subcultivated every two weeks and monitored regularly to physically remove any fungal 

growth that was not morphologically similar to P. destructans.  
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The plates were sealed with Parafilm
TM

 and incubated inverted in the dark at 12±2 °C, 

placed in plastic containers containing moist paper towels to maintain humidity. None 

of the cotton swabs were examined under a light microscope previous to culture. 

The cultures were observed and photographed both macroscopically and 

microscopically (Fig. 1b,c). All isolates were observed in fresh preparation under 

darkfield microscopy and stained with lactophenol cotton blue for further observation 

under light microscopy. Mix cultures were successively subcultivated until pure cultures 

were obtained. Samples isolated from pure cultures were submitted to a scanning 

electron microscope (SEM) analysis (FEI Quanta 400 ESEM). The samples were placed 

on aluminum stubs and fixed with carbon glue. For visualization, the low vacuum mode 

was used, with a partial pressure in the chamber of 7 mbar and an accelerating voltage 

of 20 kV. Several pictures with different resolutions were taken during the experiment 

(Fig. 1d,e). 

 

 

Molecular identification  

The identification of isolated fungi was also accomplished by PCR analysis and 

subsequent sequencing of the obtained PCR products. The DNA extraction from culture 

isolates was performed using the ZR Fungal/Bacterial DNA MiniPrep (Zymo Research) 

according to manufacturer’s instructions, with some modifications: (a) cell disruption 

was carried out using a standard vortex at maximum speed for 10 min and (b) DNA was 

collected by two sequential elutions with 50 μl of DNA elution buffer and incubated for 

5 min at room temperature before each final centrifugation.  

The genetic characterization of isolated fungi was performed by PCR-based analysis of 

the Internal Transcribed Spacer (ITS) regions (ITS1, 5.8S and ITS2) and the Small 

Subunit (SSU) of the rRNA gene. PCRs were performed in a total volume of 10 μl 

containing 5 μl of 2x MyTaq HS Mix (Bioline), 2.5 pmol of each primer 

(Supplementary table) and 0.5 μl DNA (20-50 ng). The amplification protocol for ITS 

region was carried out with an initial denaturation at 95 °C for 5 min; followed by 30 

cycles of denaturation at 95 °C for 30 s, annealing at 57 °C for 45 s, and extension at 72 

°C for 30 s; and a final extension at 60 °C for 10 min. These amplification conditions 
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were used for SSU region with a different annealing temperature (55 ºC) and extension 

time (72 °C for 45 s). The PCR products were purified with Illustra ExoStar 1-Step (GE 

Healthcare) and sequenced at Stab Vida (Lisbon, Portugal) (see sequencing primers in 

Supplementary Table). Sequence contigs were assembled and edited using the 

CodonCode Aligner version 4.2.3 (http://www.codoncode.com/aligner/) and submitted 

to GenBank database (Table 1). These sequences were compared with available 

genomic data using BLASTN 2.2.28+ (Zhang et al. 2000). 

 

 

Table 1 - Characterization of Pseudogymnoascus destructans isolates submitted to PCR-based analysis.  

Bat 
Isolate Body region 

GenBank Accessions 

Number Species SSU  ITS 

1 Myotis blythii F1A Ear KF866376 KF866377 

2 Myotis blythii F5A Nose KF866376 KF866378 

3 Myotis blythii F8A Foot KF866376 KF866377 

 

 

 

Results and Discussion 

Fungal isolates morphologically similar to P. destructans (e.g., asymmetrical curved 

conidia) were obtained from all fifteen swabs used to collect samples. Some of the 

initial cultures derived from samples were mixed cultures and other fungal species such 

as Verticillium leptobactrum, Tolypocladium cylindrosporum, Histoplasma sp., 

Penicillium sp. and Mucor sp. were identified (data not shown). The isolation rate of the 

WNS agent obtained by the cultural technique used was 100%, since all samples 

collected from suspect bats originated cultures consistent with P. destructans 

microscopic morphology (Fig. 1c,d,e), greater than the sensitivity rates described in 

other similar studies (Wibbelt et al. 2010, Kubátová et al. 2011). The fungal colonies 

grew slowly and showed phenotypic characteristics consistent with published 

descriptions for P. destructans (Gargas et al. 2009). Moreover, we have obtained 

isolates compatible with P. destructans from the muzzle (bat no.1 and no.2), the ear (bat 

no.1), the wings’ external lesions (bat no.1, 2 and 3), the wings’ internal lesions (bat 
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no.2 and 3), and the foot (bat no. 3), which means that the fungus was simultaneously 

recovered from at least three different parts of the body of each specimen of M. blythii 

studied. 

One characteristic isolate (e.g. conidea morphologically identical to those of P. 

destructans as described by Gargas et al. 2009) from each bat was chosen for 

subsequent PCR amplification and DNA sequence analyses. The SSU region has the 

same nucleotide sequence in the three isolates analysed and the ITS regions presented a 

high similarity, with only one nucleotide variation detected in the isolate F5A (see 

Table 1 for GenBank IDs). Nevertheless, all sequences obtained showed 100% identity 

with previous data described and deposited in GenBank for P. destructans.  

To our best knowledge, this is the first time that P. destructans is isolated from bats in 

Portugal. Microbiological and molecular analyses demonstrated the presence of P. 

destructans in all three individuals (M. blythii) with external signs of the WNS. 

Although the presence of other bat species was recorded in the same cave, such as 

Plecotus auritus and Rhinolophus ferrumequinum, the clinical evidences of WNS were 

only observed in specimens of M. blythii. Since the first observation of WNS’ clinical 

signs in bats from the “Maria Isabel” mine (March 2013) no deaths were observed in 

this cave during the remaining hibernation period. This trend is corroborated by other 

studies conducted in Europe (Puechmaille et al. 2010, Wibbelt et al. 2010). In fact, 

mortality rates imputable to P. destructans colonization, with the magnitude of those 

caused by WNS in North America on hibernating bats, were never reported in Europe. 

In addition, all three M. blythii specimens examined showed normal body weights for 

the species [bat no.1 (male), no.2 (female) and no.3 (female) with 25, 28 and 23g, 

respectively], which is a good condition indicator for their survival success throughout 

the hibernation period (Dietz et al. 2009, Aşan and Albayrak 2011, Barros 2012). 

The identification of bats affected by P. destrutans in over 15 European countries, and 

now also in northern Portugal, reinforces the hypothesis that WNS is widespread across 

Europe, including the Iberian Peninsula and, probably, other Mediterranean countries. 

Further studies are needed to clarify the extent of the distribution of the P. destructans 

among populations of bats in the Trás-os-Montes region and other regions of Portugal, 

whose impact is far from being fully known and understood. 
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Supplementary Table - Primers utilized in the PCR amplification and sequencing of P. destructans 

isolates. 

 

 

Gene Primers Reference 

 

 

ITS 

 

*† ITS4: 5’-TCCTCCGCTTATTGATATGC-3’ 

*† ITS5: 5’-GGAAGTAAAAGTCGTAACAAGG-3’  

White et al. 1990 

White et al. 1990 

† ITS4A: 5’-TCCTCCGCTTATTGATATGC-3’ 

† ITS5A: 5’-GGAAGTAAAAGTCGTAACAAGG-3’  

Present study 

Present study 

 

 

 

SSU 

* nu-SSU-0021-5’: 5’-CTGGTTGATTCTGCCAGT-3’ 

* nu-SSU-1750-3’: 5’-AAACCTTGTTACGACTTTTA-3’ 

Gargas and DePriest 1996 

Gargas and Taylor 1992 

† nu-SSU-0402-5’: 5’-CCGGAGAAGGAGCCTGAGAAAC-3’ 

† nu-SSU-0497-3’: 5’-CTCATTCCAATTACAAGACC-3’ 

† nu-SSU-1150-5’: 5’-AACTTAAAGGAATTGACGGAAG-3’ 

† nu-SSU-1184-3’: 5’-GAGTTTCCCCGTGTTGAGTC-3’ 

Gargas and Taylor 1992 

Gargas and Taylor 1992 

White et al. 1990 

Gargas and Taylor 1995 

*Primers used for PCR amplifications; †Primers used for sequencing. 
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DNA sampling from body swabs of terrestrial slugs (Gastropoda: Pulmonata): a 

simple and non-invasive method for molecular genetics approaches  

 

Studies on molluscan conservation genetics, phylogenetics and evolution provide 

important data to access the diversity, populations’ structure and dispersal patterns of 

these organisms (Barker, 2001). Current environmental changes associated to 

anthropogenic pressures may have several negative ecological impacts on molluscs (e.g. 

van der Meij, Moolenbeek & Hoeksema, 2009; Cameron, Pokryszko & Martins, 2012), 

involving the reduction in their habitat suitability, which is particularly damaging for 

terrestrial slugs requirements of persistence (e.g. Severns, 2005; Kappes, 2006). The 

literature on slugs is greatly biased towards those that are agricultural pests (Barker, 

2002), while there is little information about benign native species such as Geomalacus 

maculosus (Platts & Speight, 1988). Therefore, it is mandatory to develop 

multidisciplinary studies that integrate genetic data, biological and behaviour features to 

understand the adaptive, evolutionary and population dynamics of these species. The 

improvement of non-invasive DNA-based methodologies is essential to minimize the 

potential harmful effects of these approaches, particularly in studies of rare or 

endangered molluscs. Although most of methods to collect biological materials for 

DNA isolation in molluscs are intrusive (e.g. Winnepenninckx, Backeljau & De 

Wachter, 1993; Sokolov, 2000; Pereira et al. 2011), some protocols have been proposed 

based on non-invasive sources of DNA in terrestrial and marine snails and slugs (Kawai 

et al. 2004; Armbruster, Koller & Baur, 2005; Palmer, Styan & Shearman, 2008; 

Régnier et al. 2011). All these successful strategies were developed considering the 

DNA isolation from foot mucus and specific procedures for sample collection. 

Nevertheless, the sampling protocols are time-consuming and require the handling of 

the individuals. The development of simple and efficient protocols to improve these 
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characteristics can significantly enhance its field applicability. Thus, the main goal of 

this study is to demonstrate and report a non-invasive, rapid, efficient and cost-effective 

method based on DNA isolation from body swabs of terrestrial slugs. In this 

perspective, the hypothesis under study is that slugs’ body surface epithelial cells 

provide an alternative good DNA source for genetic analysis.  

Body swabs of Geomalacus maculosus (n=12) and Arion spp. (n=12) were collected in 

Vila Real (Northern Portugal) in their natural habitats. This procedure was 

accomplished by carefully scraping a sterile cotton swab against each individuals’ body 

10 times (Figure 1). Swabs were directly placed in sterile 1.5 ml eppendorf tubes and 

stored at -20 ºC until DNA extraction. Samples from three different and independent 

specimens of G. maculosus and Arion spp. were processed following the DNA 

extraction methods described below.  

 

 

Figure 1. Body swab method performed in the collection of biological samples from Geomalacus 

maculosus in their natural habitat.  
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To demonstrate the flexibility of the proposed protocol four methods of DNA isolation 

were tested and optimized: salting out extraction, Quick gDNA MiniPrep Kit (Zymo 

Research), QIAamp DNA Micro Kit (Qiagen) and DNA IQ Reference Sample Kit for 

Maxwell 16 (Promega). In the conventional salting out protocol, samples were 

incubated at 55 ºC for 2 h on a thermal-shaker with 300 μl of lysis buffer [10 mM Tris 

(pH 7.5), 400 mM NaCl, 2 mM EDTA (pH 8.0)] (pH 7.3–7.5), 15 μl of 20% sodium 

dodecyl sulphate (SDS) and 20 μl of 20 mg/ml proteinase K. The swabs were then 

removed with sterile tweezers and 50 μl of 6M NaCl (saturated solution) was added to 

the extraction mixture, samples were mixed thoroughly by vortexing for 10 s, followed 

by centrifugation at 8000 g for 10 min to precipitate the residual cellular debris. The 

supernatant was transferred to a clean eppendorf tube and 500 μl of 100% ethanol was 

added to each sample, mixed thoroughly by vortexing for 10 s, and centrifuged at 8000 

g for 5 min to pellet the DNA. The DNA pellets were washed with 250 μl of 70% 

ethanol, followed by centrifugation at 8000 g for 5 min. The pellets were completely air 

dried and resuspended in 100 μl of sterile nuclease-free water. The Quick gDNA 

MiniPrep Kit was used according to manufacturer’s instructions, with the following 

optimizations: the samples were digested at 56 ºC for 2 h in a solution containing 500 μl 

of genomic lysis buffer, 15 μl of 20% sodium dodecyl sulphate (SDS) and 20 μl of 20 

mg/mL proteinase K; the washing step was performed twice with 500 μl of g-DNA 

wash buffer, followed by recentrifugation at 10000 g for 1 min; and DNA was collected 

by two sequential elutions with 50 μl of elution buffer (incubation time was extended to 

15 min at room temperature). The QIAamp DNA Micro Kit was used following the 

standard protocol recommended by the manufacturer, performing the initial incubation 

for 2 h and recovering DNA samples with the same final procedure of the previous 

protocol. In the automated DNA extraction carried out using the Maxwell 16 System 

(Promega) the protocol presented in the DNA IQ Reference Sample Kit was followed, 

modifying only the initial incubation time (extended to 2 h). The concentration and 

purity of extracted DNAs were measured using a NanoDrop ND-1000 

spectrophotometer (Thermo Scientific). 

All DNA extraction methods previously described were optimized with simple 

modifications, increasing its applicability to specific biological samples constituted by 
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mucus, proteineous fluids and epithelial cells from slugs sampling. The average yield of 

the DNA [DNA concentration (ng/μl)*total elution volume (μl)] extracted using the 

salting out (564 ± 314 ng), Zymo Research (651 ± 296 ng), Qiagen (741 ± 180 ng) and 

Promega (concentrations < 2 ng/μl – out of nanodrop detection limit) protocols were 

evaluated. For best results, it is recommended the optimization of initial digestion step 

in all methods, adjusting the time to a minimum of 2 h and/or enhancing the digestion 

solution. The DNA quantities obtained by swabbing methods are generally higher than 

techniques based on FTA cards (Hansen et al. 2007); however, the substances co-

purified can be higher in DNA isolated from swabs. In fact, the average purity of the 

DNAs extracted in this study (A260/280: 3.04 ± 1.64 and A260/230: 0.27 ± 0.14) suggest the 

presence of co-extracted molecules. On the other hand, the direct analysis of genomic 

DNA on agarose gels was negative for most samples, with no evidence of high 

molecular weight and/or degraded DNA (data not shown). Thus, the influence of 

substances co-purified on estimation of DNA concentrations (described above) cannot 

be excluded (Hansen et al. 2007). 

 

Table 1. Characterization of primers utilized in the PCR amplification of nuclear and mitochondrial 

markers using terrestrial slugs DNA. 

Gene Primers 
Amplicon 

length (bp) 

Reference 

rDNA (5.8S and 

28S) 

LSU-1: 5′-CTAGCTGCGAGAATTAATGTGA-3′ 

LSU-3: 5′-ACTTTCCCTCACGGTACTTG-3′ 
~1000 

Wade et al. 

(2006) 

COI 
LCO1490: 5'-GGTCAACAAATCATAAAGATATTGG-3' 

HC02198: 5'-TAAACTTCAGGGTGACCAAAAAATCA-3' 
~700 

Folmer et al. 

(1994) 

ND1a 
MOL-NAD1F: 5’-CGRAARGGMCCTAACAARGTTGG-3’ 

MOL-NAD1R: 5’-GGRGCACGATTWGTCTCNGCTA-3’ 
~500 

Quinteiro et al. 

(2005) 

HIST2H4B 
H4F2s: 5’-TSCGIGAYAACATYCAGGGIATCAC-3’ 

H4F2er: 5’- CKYTTIAGIGCRTAIACCACRTCCAT-3’ 
~200 

Pineau et al. 

(2005) 

a Specific primers for Arion spp.  

 

The activity of molecular biology enzymes can be inhibited by contaminants co-purified 

with DNA (Bickley & Hopkins, 1999), such as the mucopolysaccharides and 

polyphenolic proteins present in the body fluids of mollusc species (Smith, 2010). To 

analyse the quality of the extracted DNAs, two nuclear and two mitochondrial markers 

(Table 1) were amplified by PCR, namely ribosomal DNA gene cluster (including the 
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partial 5.8S and 28S genes, and the complete ITS-2 region), the partial regions of the 

nuclear histone cluster 2, H4b (HIST2H4B) and two mitochondrial genes [cytochrome c 

oxidase subunit I (COI) and NADH dehydrogenase 1 (ND1)] with universal specific 

primers. All PCR amplifications were performed in a total volume of 10 μl containing 5 

μl of 2x MyTaq HS Mix (Bioline), 2 pmol of each primer and 3 μl DNA (Promega 

protocol) or 1 μl DNA (for the other protocols) (~1-10 ng). The amplification reactions 

were carried out in the thermocycler Biometra T-Gradiente, using for all fragments an 

initial denaturation at 95 ºC for 5 min followed by 30 cycles of 95 ºC for 30 s, 50 ºC for 

1 min, 72 ºC for 30 s and a final extension at 60 ºC for 10 min. The PCR reactions were 

performed successfully in all DNA samples, which allowed the specific amplification of 

these fragments with different lengths (Figure 2). The COI fragments of G. maculosus 

were sequenced to assess the quality of PCR products obtained using DNA samples 

from all optimized protocols. The PCR products were purified with Illustra ExoStar 1-

Step (GE Healthcare) and bi-directionally sequenced at Stab Vida (Lisbon, Portugal). 

Sequencing reactions were successful, enabling the identification of two haplotypes 

(GenBank IDs: KF290021 and KF290022). These results confirm the feasibility and 

usefulness of the DNAs for subsequent application in molluscan studies integrating the 

analysis of molecular markers.  

 

 

Figure 2. Agarose gel electrophoresis at 1.5% of the rDNA cluster (5.8S-ITS2-28S), COI, ND1 and 

HIST2H4B fragments amplified using DNA isolated from body epithelial cells of Geomalacus maculosus 

(Gmal) and Arion spp. through the ZR Quick gDNA MiniPrep Kit (ZR), QIAamp DNA Micro Kit (Q), 
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salting out (SO), and DNA IQ Reference Sample Kit (P) optimized protocols; (NTC – non template 

control; M – molecular marker). 

 

The collection of body swabs in terrestrial slugs proved to be a straightforward, hassle-

free process in the acquisition of epithelial cells form the skin surface. In this work we 

demonstrated the efficiency of DNA isolation from these samples using a variety of 

extraction methods, including conventional protocols and commercial kits based on 

manual and automated workflows. The simplicity of the proposed methodology of DNA 

sampling, based on non-invasive field procedures (avoiding potential damage and 

handling of individuals), fast material collection (samples collected in ~30 s), and 

practical and cost-effective field protocol (only sterile eppendorfs and cotton swabs are 

required in the field), makes this approach a useful and safe strategy for biological 

sampling in terrestrial slugs. This versatile and non-destructive technique can be an 

important resource in forthcoming research studies on ecology, evolution and 

population genetics, particularly in the case of threatened species. 
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