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General Introduction
Conservation of wild animal and plant populations has become a key issue
around the world. For several decades, concerns about biodiversity and loss are rising
that lead to numerous studies on conservation of biological resources, including habitat
protection (Lees and Peres, 2008; Shipper et al., 2008; Corace et al., 2010; Russell et al.,
2010), population dynamics (Smith et al., 2005; Sæther et al., 2005, Larsson and
Svensson, 2009) and population genetics (Zinck and Dittman, 1993; Croteau et al., 2007,
Rudnick et al., 2008).
The development of genetic tools to study populations at the molecular level has
been one of the most important contributions to understand demographic processes in
wild populations, especially on species of conservation concern. Conservation genetics
addresses the impact of founder effects, genetic drift, inbreeding, loss of genetic
diversity and accumulation of deleterious mutations on fragmented and declining
populations, which are of special interest for threatened and rare species (Frankham,
1995). Such population genetic studies can contribute enormously to management
decisions, for instance, because they can predict the loss of genetic variation (Mills,
2007). Loss of genetic variation within populations can imply increased extinction risks
due to effects of inbreeding and a decreased capacity to respond to stochastic
environmental changes (Frankham, 1995).
Preservation of genetic diversity at all levels of the phylogenetic hierarchy and
the promotion of ecological and evolutionary processes that sustain the maintenance of
biological diversity on earth are the objectives of genetic and conservation biology
(Avise, 2004). The use of molecular markers as tools to improve conservation strategies
is one approach to reach such objectives.

General Introduction

2

Conservation programs require a solid knowledge of the species to be protected.
Understanding the species’ biology and the processes affecting their population
dynamics will help to make accurate decisions on what to protect and how to protect it,
e.g., in the risk’s assessment of species reintroduction, translocation of individuals
(Sutherland et al. 2009), or for creation of corridors that allow species movement
between disjunct habitats affected by farming activities. The motivation of this work is
to provide information on the genetic diversity and evolutionary history of the
Worthen’s sparrow (Spizella wortheni), an endemic species affected by habitat
fragmentation, that contributes to its conservation in the grassland areas of northeastern
Mexico.

Molecular markers
Molecular markers such as microsatellites and mitochondrial DNA sequences
(mtDNA) are widely used to estimate migration rates, population sizes, bottlenecks,
kinship relatedness, and structure of wild populations (Lowe et al., 2004; Freeland, 2005;
Selkoe, 2006). As research tools they are complementary, the former can uncover
kinship relatedness and also population structure between conspecifics, while the latter
is better suited to reveal more ancient relationships at the specific or population level.
Sequencing mtDNA allows researchers infer the evolutionary relationships
between individuals, and it is particular useful to track these relations through long time
periods. It also allows estimating divergence time between lineages and it is one of the
most widely used markers in the study of phylogenetic relationships among taxa (Avise,
2004; Freeland, 2005). Features of mtDNA are well known and its gene arrangement is
evolutionarily conserved. In higher animals the mtDNA is a small circular molecule of
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16-20 kb ( kilobase) that consist of 37 genes encoding 13 messenger RNAs, 2 ribosomal
RNAs, and 22 transfer RNAs. A very desirable property of mtDNA is that introns,
repetitive DNA and pseudogenes are practically absent (Avise, et al. 1987, Avise 2004).
High mutation rates due to inefficient mutation repair mechanisms allow a relatively
rapid evolution of mtDNA (compared to coding sequences of nuclear genome) at the
sequence level, a characteristic that makes it useful in studies of population structure.
Furthermore, due to the maternal inheritance of mtDNA, mutations do not recombine
during sexual reproduction.
When the goals are to understand the recent demographic events, estimate
genetic flow, present or past population sizes; existence of meta-populations, isolation
by distance between geographically separated groups or kin relatedness between
individuals, microsatellites are currently one of the most popular and powerful tools
(Avise, 2004; Selkoe and Toonen, 2006). Also known as short tandem repeats (STRs),
microsatellites are a PCR (polymerase chain reaction)-based approach for identification
of polymorphic co-dominant Mendelian markers, namely the STRs. Microsatellites are
abundantly scattered through the nuclear genome (Avise, 2004; Selkoe and Toonen,
2006). They typically consist of short sequences of di-, tri- or tetra-nucleotides of
varying length (normally 5 – 40 base pairs, bp) that are tandemly arrayed in the
chromosomes (Avise, 2004). The co-dominant nature of these markers allows an easy
distinction between heterozygous and homozygous loci. Faster mutation rates than in
mtDNA, and the possibility to identify more than one allele make microsatellites a
powerful tool for identification of genetic relationships between con-specifics and for
inferring relatively recent population genetic events (Freeland 2005).
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The Worthen’s Sparrow
Mexico harbors about 10% of all bird species in the world (Llorente-Bousquets
and Ocegueda, 2008). This high diversity is possible because the heterogeneity of
landscape and topography allow a high degree of endemism. According to the IUCN
(www.iucn.org), about 8% of the birds species recorded in Mexico are endemic and
25% of them are listed by IUCN (2010) as threatened. On the other hand, sea
surrounding the western and eastern borders of the country, further adds to the high
diversity of habitats that together with regimes ranging from tropical to desert climates
allow many species to coexist. This high bird diversity is further expanded through the
occurrence of migratory bird species from South and North America caused by the
convergence of the Neotropical and the Holoarctic regions.
To protect resident and migratory birds in key habitats across Canada, USA and
Mexico, a network of important areas for bird’s protection called Important Bird Areas
in North America (IBAs) was created between 1996 and1998. Such areas should protect
globally and nationally threatened species, species with restricted ranges or endemics as
well as breeding bird congregations (CEC, 1999).
In Mexico, habitat loss and habitat fragmentation due to livestock ranching,
agricultural production, forestry, tourism and industrial activities, are the main factors
causing declines of birds populations (Arizmendi, 1999). Combined these factors not
only reduce populations’ sizes but also cause isolation of habitat patches leading to
negative effects on the population’s demography and genetic diversity (ManzanoFischer et al., 1999).
One species facing considerable population declines during the last four decades
is the Worthen’s sparrow (Spizella wortheni). It is a Mexican endemic Emberizid
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restricted to scrub and grassland habitats in northeastern Mexico (Wege et al. 1993,
Berhstock et al. 1997). The Worthen’s sparrow is a small passerine (12.5-14 cm total
length, 10-13 g); it has been described as a dull sparrow with a distinctive head pattern:
it has a grey head with a rufous crown and brownish one post-ocular stripe, a small and
relatively deep conic bill, lacking stripes on the chest and with long tail. Although sexes
are similar, males could have brighter colors than females (Fig. 1).
a

b

Figure 1. Male (a) and female (b) Worthen’s Sparrows caught during the breeding
season 2008.
In contrast to other species of this genus, the Worthen’s sparrow does not make
long-distance migration (Wege et al., 1993; Howell and Webb, 1995; Rising, 1996;
Sibley 2000) but moves regionally within the currently known distribution localities.
In general, records of this species are scarce. The only one record outside
Mexico comes from New Mexico, USA, made in 1884 (Wege et al., 1993). The
Worthen’s sparrow was formerly reported to occur in eight Mexican states. However
between 1950/1960 until now, it was only recorded at a few localities in the states
Coahuila, Nuevo León and San Luís Potosí (Fig. 2, Webster y Orr, 1954; Wege et al.,
1993; Berhstock et al., 1997; Scott-Morales et al, 2008, Canales-Delgadillo et al., 2008).
Due to the small number of breeding adults recorded in the last 40 years and to the
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restricted distributional range currently known, the Worthen’s Sparrow became a red list
species in 1994 (BirdLife International, 2000).

Coahuila
Nuevo
Leon

San Luis
Potosi

Figure 2. Historic and current distribution range of the Worthen’s sparrow. Red
diamonds represent locally extinct populations; green circles are the currently known
distribution sites. Historical records were mapped after Wege et al. 1993.

Research on the Worthen’s Sparrow has focused on its distributions (Webster
and Orr 1954, Wege et al. 1993Scott- Morales et al. 2008). A few studies have also
studied aspects of its conservation (Wege et al. 1993), reproduction, singing
characteristics (Berhstock et al.1997; Garza de Leon 2007), and behavior (CanalesDelgadillo et al. 2008). Population size estimations exist only for one out of seven
currently known distribution sites (BirdLife International 2000; Canales-Delgadillo
2006). Development of management and conservation strategies to maximize species’
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survival probabilities requires a good knowledge of a species’ biology and its life
history. Nonetheless, information about reproductive success, mortality and dispersal
rates, reproductive behavior and phylogenetic relationships are still necessary.

Aims of this study
The major aims of this study were threefold,
1.

Evaluate the population genetic structure to assess at genetic level the effect of
fragmentation on the population of S. wortheni through estimation of:
• The genetic diversity of the species,
• Migration rates between populations,
• The presence of meta-populations or isolation by distance effects.

2.

Determine the taxon relationships of this species with respect to its con-generics.

3.

Evaluate the possible causes of rarity of this species.
To achieve the firs aim, I developed nine species-specific microsatellite markers

that allowed genotyping samples of the Worthen’s sparrow. The development of
species-specific markers was necessary after testing of 25 markers which had been
developed for other passerine species. From these, only three reliably amplified DNA
samples of the Worthen’s sparrow. Then, I used a set of twelve microsatellite markers to
genotype one hundred DNA Worthen’s sparrow samples. Genotypes were used to
estimate population genetic parameters such as genetic diversity per sampling locality,
levels of inbreeding, isolation by distance and panmixia.
In order to improve our understanding of the phylogenetic position of the
Worthen’s sparrow, I constructed a molecular phylogeny based on five mitochondrial
genes for samples of the Worthen’s sparrow and all congeneric species: Black-chinned
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sparrow (Spizella atrogularis), Chipping sparrow (Spizella arborea), Field sparrow
(Spizella pusilla), Clay-colored sparrow (Spizella pallida), Brewer’s sparrow (Spizella
breweri), Timberline sparrow (Spizella taverneri) and American-Tree sparrow (Spizella
arborea). As outgoup I used Black-throated sparrow (Amphispiza bilineata) and Darkeyed junco (Junco hyemalis). Applying Bayesian and maximum likelihood approaches,
I found conflicting phylogenetic relationships among taxa, these I could resolve with the
help of phylogenetic network analysis which allowed me to elucidate the causes of these
uncertainties.
Finally, in order to analyze causes of rarity of my study species, I did an
extensive literature research to collect geographical records of each species within the
genus Spizella. Based on these occurrence records, I constructed a presence/absence
matrix on vegetation communities within the region including Mexico, USA and
Canada. These data together with the phylogeny study, allowed me to test for
phylogenetic

attraction/repulsion

patterns

and

whether

these

patterns

were

environmentally driven. For each species, I determined marginality (how species niche
mostly differs from the conditions in the global area), degree of specialization, niche
breadth and niche overlap among species. This was done by means of ecological niche
factor analysis.
This work will help to understand the state of the S. wortheni population and its
relationships with other species and with the environmental factors affecting its
prevalence in the shrub-grassland areas of northeastern Mexico.
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Chapter 1

Isolation and characterization of nine microsatellite loci in the endangered
Worthen's Sparrow (Spizella wortheni)1
Julio Canales-Delgadillo, Laura Scott-Morales, Oliver Niehuis & Judith Korb

Abstract
We report the isolation and characterization of nine microsatellite markers from
Worthen’s Sparrow (Spizella wortheni), an endangered bird species endemic to
northeastern Mexico. We tested the markers in 32 samples of the species collected near
Saltillo Coahuila, Mexico. All markers were polymorphic, with 3-31 alleles per locus,
and no difference was found between the observed and expected heterozygosity when
applying a sequential Bonferroni correction and a table-wide significance level of 0.05.
We found no evidence for linkage disequilibrium between the markers and estimated a
null allele frequency of 0.00-0.05. The new markers will allow elucidating the genetic
structure and life history of Worthen’s Sparrow and guiding conservation efforts for this
endangered species.

Keywords: Aves, Emberizidae, New World sparrows, Spizella wortheni, microsatellites

The Worthen's Sparrow (Spizella wortheni) is an endemic bird of the semi-arid
shrub and grassland areas of northeastern Mexico. While historically more widely
distributed, its present day range is restricted to only a few sites on the Mexican High
Plateau (Wege et al. 1993). Little is known about the life history of this bird and the

1

Published in: Conservation Genetic Resources 2 (1): 151-153.
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extend of genetic exchange between the bird's isolated populations (Behrstock et al.
1997; Canales-Delgadillo et al. 2008; Scott-Morales et al. 2008). Given the tremendous
reduction (≈70%) of its former range and the ongoing loss of suitable habitat due to
conversion into agricultural land, Worthen's Sparrow is considered endangered (IUCN
2009). To learn more about the structure of and the gene flow between the few
remaining populations of this New World sparrow, we developed nine microsatellite
markers for use in population genetic studies.

We took blood samples of Worthen’s Sparrows that we caught during their
breeding season (May to August) at La Region del Tokio near Saltillo City (Mexico).
We collected 0.1 mL blood per individual and mixed it with 0.5 mL of blood
preservation buffer (Seutin et al. 1991). DNA was extracted from the blood samples
using Gentra Puregene Tissue Kit (Quiagen, Maryland, USA) following the
manufacturer's recommendations. Quality and quantity of the extracted DNA was
assessed with a NanoDrop ND-1000 Spectrophotometer (PQLab Biotechnology,
Erlangen, Germany). We constructed and screened a DNA library enriched for
microsatellite sequences from the DNA of a single sparrow female following the
protocol described by Glenn and Schable (2005) and applying the specifications given
by Niehuis and Korb (2010), except that we digested the genomic DNA only with the
restriction enzyme RsaI (New England Biolabs, Frankfurt / Main, Germany).

The DNA library sequences were assembled and searched for dinucleotide
repeats with BioEdit v7.0.9 (Hall 1999). DNA fragments with dinucleotide repeats were
additionally checked for internal RsaI restriction sites because they could indicate an
artificial ligation of different DNA fragments (Niehuis and Korb 2010). Finally, we
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used the program Primer3 v.0.4 (Rozen and Skaletsky 2000) to design locus-specific
oligonuclotide primers.

To assess polymorphism of the microsatellite loci, we genotyped samples from
32 Worthen’s sparrows. The PCR amplifications were conducted in 20µL volumes with
1× Taq incubation buffer, 0.2 mM of each dNTP, 0.5 µM each of forward (5'-labeled
with the dye TAM, HEX or FAM) and reverse primer, 1.5 mM MgCl2 (except for locus
Sw66 for which we used a MgCl2 concentration of 3.0 mM), 0.25 U Taq polymerase
(MP Qbiogene, California, USA) and 50-100 ng DNA. The PCR temperature profile
started with an initial denaturation step at 94° C for 3 min, followed by 30 cycles of 94°
C for 1 min, 55° C for 1 min and 72° C for 1 min, and ended with a final extension step
of 72° C for 10 min. All PCR products were separated with an ABI 377 automated
sequencer (Applied Biosystems, Foster City, USA) on a 5.25% Page Plus gel (Amresco,
Solon, OH, USA) with a 36 cm well-to-read distance. GeneScan 500 ROX Size
Standard (Applied Biosystems) was applied as reference to assess the size of the PCR
products with the aid of the Peak Scanner Software v1.0 (Applied Biosystems).

Of the 22 microsatellite loci that we tested, nine proved to amplify reliably and
were polymorphic, with 3-31 alleles per locus (Table 1). Using Micro-Checker version
2.2.3 (Van Oosterhout et al. 2004), we estimated a null allele frequency of 0.00-0.05
(Table 1). The observed (HO: 0.43-1.00) and expected (HE: 0.38-0.95) heterozygosity
(Excoffier et al. 2005) did no differ significantly in the nine markers when applying a
sequential Bonferroni correction and a table-wide significance level of 0.05 (Rice 1989).
We did not find evidence for linkage disequilibrium between the nine markers
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(Excoffier et al. 2005; sequential Bonferroni correction at a table-wide significance
level of 0.05).

The new microsatellite markers will help significantly to study the elusive life
history of the Worthen’s Sparrow and probably related passerines. They will in
particular allow estimation of critical population genetic parameters, such as genetic
diversity and population structure, important for efficient conservation efforts of this
endangered bird and other related species.
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Clone/
Locus
Sw09

Motif
(GT)15

Primer sequence 5' - 3'
F: CGCAGATGTGTTTGTGTGTG
R: TGCCAGCCTAACTTTGAGTGT

Sw22

(GT)3(TG)7

F: CCGTGTATGCGTGTATTTGG
R: AGTGCACCGATCACACAATG

Sw54

(GT)6GG(GT)5AT(GT)2

Sw58

(CT)10

Sw62

(GT)22

Sw65

(GT)21

Sw66

(AC)25

Sw71

(AC)20GG(CA)4

Sw75

(CT)12GT(CT)7

F: CGGACACTGTATCGGGAGTT
R: ATAGCGACCTGGTGTCCAGA
F: TGGCCCTGTCATTACATTCA
R: CTGGGCTGGGATAAGAACAA
F: CTTTGGGCTGAATGCACTTT
R: GAGCGCACACGCAATATAGA
F: GCTTTCAAACACATGCCAGA
R: GCCTTCCCAGCTCTTACCTT
F: CGGCTTTTGCTTTAGGATTG
R: TGTCTGGTCTCCTCACACGA
F: AGTGTTGGAGGCCTTTCCTT
R: TGTGCTGGATCTGCAGGAAT
F: GATCAAGAGAGCTGGGATGC
R: AGCAGACAGTTTCCCTCACC

Size
(bp)

Ta

N

Allelic size
range (bp)

Null
allele
freq

HO

HE

EMBL
accession no.

133

55

7

109-134

0.05

0.687

0.788

FN652305

127

55

3

129-135

0.00

0.5

0.388

FN652306

151

55

5

133-160

0.00

0.437

0.438

FN652307

265

55

8

178-273

0.00

0.468

0.452

FN652308

132

55

13

109-140

0.00

0.875

0.877

FN652309

126

55

31

108-157

0.04

0.937

0.95

FN652310

289

55

11

255-291

0.00

0.718

0.661

FN652311

128

55

18

124-172

0.00

1.000

0.935

FN652312

273

55

8

246-288

0.01

0.687

0.723

FN652313
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Table 1. Characterization of nine microsatellite loci isolated from Worthen's Sparrow and genotypes in 32 samples of this species.

F: forward primer; R: reverse primer; Ta: annealing temperature in ° C; N: number of alleles; HO: observed heterozygosity; HE: expected heterozygosity.
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Chapter 2

The influence of habitat fragmentation on genetic diversity of a rare bird species
that commonly faces environmental fluctuations2
J. Canales-Delgadillo, L. Scott-Morales & J. Korb

Abstract
Habitat fragmentation is one of the main causes of biodiversity loss. Rare
species are generally thought to be more sensitive to habitat fragmentation than
common ones as small populations become even smaller. We did a population genetic
study on a rare bird, the Worthen’s sparrow (Spizella wortheni) which is endemic to
semi-arid and arid regions of Northeast Mexico. Its population numbers suffer greatly
from the transformation of grassland into farmland that leads to a patchy distribution
with locally small population sizes. Our data show that its genetic diversity is
nevertheless high, few to no differentiation between study localities was found, and
gene flow was high. Although we can not exclude that is too early to see an impact on
the genetic level, we think that these results might be explained by the species’ biology:
like many others birds living in arid areas, the Worthen’s sparrow has a nomadic life
style; depending on local conditions individuals flexibly move between areas. This
behavior could enhance their ability to find suitable habitat patches in a fragmented
landscape. Our results imply that nomadic behavior, which is an adaptation to high
temporal variability in environmental conditions, may make species more resilient to

2

Submitted to: The Journal of Avian Biology
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spatial variability caused by habitat fragmentation. This insight contributes to
identifying common factors such as nomadism that predict a species’ sensitivity to
habitat fragmentation.

Introduction
Rare species, as a rule, have higher extinctions risk that their common
counterparts (Fagan et al. 2002) and this is why they are in the focus of conservation
studies. It is generally accepted that the fewer occurrences a species has or the more
fragmented its distribution is, the higher is its extinction risk (e.g. Frankham 1995; but
see also Gaston 1994, Mace and Kershaw 1997). One common factor associated with
extinction risk in rare bird species is habitat fragmentation, especially in habitatspecialists or small sized birds (Owens and Bennett 2000).
Habitat fragmentation affects the distribution of habitats across the landscape
with direct impact on natural populations. It transforms formerly continuous habitats
into subdivided units with varying degrees of connectivity (Freeland 2005). During the
last fifty years increased habitat fragmentation and transformation of natural habitats
into farmland became the principal cause of bird populations’ decline (Peterjohn 2003).
This often increases species’ extinction risks through declining genetic diversity,
especially when fragments are isolated (e.g.: Donovan et al. 1995, Díaz et al. 2006). In
the long term, habitat fragmentation causes reduced effective population sizes as
inbreeding within the isolated subpopulations and genetic drift increases (Croteau et al.
2007). But this is not always the case: migrant and highly mobile bird species
apparently can cope with the negative effects of habitat fragmentation without
presenting loss of genetic diversity (Lindsay et al. 2008). This strongly contrasts with
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non-migrant sedentary, dispersal-restricted habitat specialists (Segelbacher et al. 2008).
Nomadic bird species from arid and semi-arid regions are known to deal with patchily
distributed resources by moving continuously around (Dean 2004). Yet little is known
whether this affects their ability to cope with anthropogenic fragmentation.
We did a population genetic study based on the analysis of microsatellite
markers using as model a rare endemic species, the Worthen’s sparrow (Spizella
wortheni). The Worthen’s sparrow is a non-migrant emberizid inhabiting grasslanddesert shrub habitats in the semi-arid region of Northeast Mexico (Behrstock et al. 1997,
Wege et al. 1993). A decline of its population range has been reported with local
extinctions in five of eight Mexican states (Wege et al. 1993) and habitat fragmentation
is occurring at an alarming rate: from 2001 to 2005 farmland areas increased from about
12 300 ha to 22 000 ha (Canales-Delgadillo, unpubl. data). Correspondingly, the species
natural habitat, xerophilous shrub and grasslands, declined by more than 30 %
(SEMARNAT 2008). This is why the Worthen’s sparrow became a red list species of
the International Union for Nature Conservation in 1994 (BirdLife International 2008).
Population genetic studies are, however, still missing that elucidate the actual impact of
habitat fragmentation on the remnant Worthen’s sparrow populations. This species also
shows nomadic behavior which allows us to test the impact of habitat fragmentation on
genetic parameters in a small bird population restricted to arid and semi-arid regions.
Our specific objectives were (i) to determine its genetic diversity and variability in
seven localities, (ii) to estimate migration rates between localities, and (iii) to test for
isolation by distance effects.
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Methods
Study area and blood sampling
The Worthen’s sparrow is restricted to open arid shrub-grasslands within the
Mexican High Plateau. Its record sites are intermountain valley grassland associated
with mesquite/juniper or pine/oak vegetation at 1200 to 2500 m above sea level in
Mexico’s subtropics (Scott-Morales et al. 2008).
We searched for Worthen’s sparrow at seven sampling localities: south of
Saltillo Coahuila (Angeles, Perforadora, Frayle and Guerrero), west of Galeana Nuevo
León (Esperanzas, Soledad) and north of San Luis Potosí (Manantial) during June to
late August in 2007 and 2008 (Fig. 1). In all localities the sampling effort was identical
and the number of caught birds is an indicator of population size. Pair-wise geographic
distances between localities were calculated with QUANTUM

GIS

1.4.0. They ranged

from 10 km (Angeles – Perforadora) to 121 km (Guerrero – Manatial) (Fig. 1). Details
of the characteristics of these localities, except for Manantial and Frayle, are found in
Scott-Morales et al. (2008).
Manantial is located in an arid region while our remaining localities are situated
in semi-arid areas. In Manantial we searched for Worthen’s sparrow in an area of
approximately 1400 ha which includes short grassland patches surrounded by vegetation
characterized by the presence of mixed patches of tarbush (Fluorensia cernua) and
creosote bush (Larrea tridentata). We found several singing males showing territorial
behavior and we caught one female with a brood patch.
Frayle is located at the western extreme of our study area. The vegetation
consists of short grassland mixed with microphilous desert shrub and dispersed patches
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of tarbush where the Worthen’s sparrow nests. In Frayle we sampled within an area of
approximately 600 ha and found singing and territorial males.

Figure 1. Satellite image of the currently known distribution range of the Worthen’s Sparrow
indicating our sampling localities. Map units are meters and coordinate system is UTM Zone
14N.

For DNA genotyping, we caught Worthen’s sparrows (N= 100) by mist netting
and took 0.1ml blood from the jugular vein of each individual. Blood samples were
mixed with blood preservation buffer (Seutin et al. 1991) and stored until analysis. As
recommended for monomorphic passerine birds sampled during the breeding season
(Ralph et al. 1993), all caught individuals were sexed by looking for a brood patch and
examining the cloacal region. Sample sizes varied between localities, but this reflects
natural variation in population size.
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DNA extraction
DNA was extracted using the Gentra Puregene Tissue Kit (Qiagen, Maryland,
USA) according to manufacturer's instructions. Quality and quantity of the extracted
DNA was assessed with a NanoDrop ND-1000 Spectrophotometer (PeqLab
Biotechnology, Erlangen, Germany).

Microsatellite analysis
We selected four microsatellite loci developed for other bird species (Table 1)
and nine novel species-specific microsatellite loci developed for Worthen’s sparrow
(Canales-Delgadillo et al. 2010) to genotype our samples. To score polymorphism, all
forward primers were dye-labeled at the 5’ end with TAMRA, HEX or FAM dyes.
Polymerase chain reaction (pcr) was optimized for each primer pair. In 20µl reactions
we used 1x pcr buffer (Fermentas, St. Leon-Rot, Germany), 1.5mM MgCl2, 0.2 mM of
each dNTP’s, 0.5 µM of each primer, 0.25 U Taq polymerase, and 50-100 ng DNA
template. The cycling protocol consisted of an initial denaturation step at 94°C for 3
min, followed by 30 cycles of denaturation at 94 °C for 1 min, locus-specific annealing
temperature (Table 1) for 1 min and extension at 72 °C for 1 min, followed by a final
extension step of 72 °C for 5 min. Temperature gradient tests showed that it was
possible to use the same annealing temperature for all cross-species primer pairs
(52.5°C), however the temperature in the extension step was lower for Gf05 and Gf12
(65°C) than for all other primers. The pcr profiles for the species-specific microsatellite
loci were similar but with a longer final extension time (10 min) (see CanalesDelgadillo et al. 2010).
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The pcr products were screened on 1.5% agarose gels and visualized under UVlight after staining with ethidium bromide solution (1 mg/ml). Those pcr products
showing reliable amplification were separated in an ABI-377 automated sequencer
(Applied Biosystems, Foster City, USA) on a 5.25% Page Plus gel (Amresco, Solon,
OH, USA) run for three hours with a 36 cm well-to-read distance. GeneScan 500 ROX
Size Standard (Applied Biosystems; Carlsbad CA, USA) was used as reference to assess
the sizes of the pcr products with Peak Scanner Software v1.0 (Applied Biosystems).

Table 1. Cross-species and species-specific microsatellite primers used in pcr
amplification reactions.
Clone/
Locus

Motif

Mme8†

(TG)3TC(TG)13

Asµ15‡

(GT)19

Gf05§

(AC)14

Gf12§

(AC)17

Sw09ǂ

(GT)15

Sw22ǂ

(GT)3(TG)7

Sw54ǂ

(GT)6GG(GT)5AT(GT)2

Sw58ǂ

(CT)10

Sw62ǂ

(GT)22

Sw65ǂ

(GT)21

Sw66ǂ

(AC)25

Sw71ǂ

(AC)20GG(CA)4

Sw75ǂ

(CT)12GT(CT)7

Primer sequence 5' - 3'
F: TCATGGAGATGGGTGAATGCC
R: TGAATCAGCAGCACACACAACC
F: AATAGATTCAGGTGCTTTTTC
R: TAGCACATGTTGGTTTTTG
F: AAACACTGGGAGTGAAGTCT
R: AACTATTCTGTGATCCTGTTACAC
F: AATCCTTCTCGTCCCTCTTGG
R: TTTGAGTGTGCAGCAGTTGG
F: CGCAGATGTGTTTGTGTGTG
R: TGCCAGCCTAACTTTGAGTGT
F: CCGTGTATGCGTGTATTTGG
R: AGTGCACCGATCACACAATG
F: CGGACACTGTATCGGGAGTT
R: ATAGCGACCTGGTGTCCAGA
F: TGGCCCTGTCATTACATTCA
R: CTGGGCTGGGATAAGAACAA
F: CTTTGGGCTGAATGCACTTT
R: GAGCGCACACGCAATATAGA
F: GCTTTCAAACACATGCCAGA
R: GCCTTCCCAGCTCTTACCTT
F: CGGCTTTTGCTTTAGGATTG
R: TGTCTGGTCTCCTCACACGA
F: AGTGTTGGAGGCCTTTCCTT
R: TGTGCTGGATCTGCAGGAAT
F: GATCAAGAGAGCTGGGATGC
R: AGCAGACAGTTTCCCTCACC

Size
(bp)

Ta

Accession
no.

302

52.5

AF127382

195

52.5

AY172993

218

52.5

AF081929

193

52.5

AF081936

133

55.0

FN652305

127

55.0

FN652306

151

55.0

FN652307

265

55.0

FN652308

132

55.0

FN652309

126

55.0

FN652310

289

55.0

FN652311

128

55.0

FN652312

273

55.0

FN652313

Source: Jeffery et al. 2001 (†); Bulgin et al. 2003 (‡); Petren 1998 (§); Canales-Delgadillo et al. 2010 (ǂ).
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Genetic diversity
To test for Hardy-Weinberg Equilibrium (HWE), linkage disequilibrium (LD)
and Nei’s genetic diversity indices we used Arlequin 3.5 (Excoffier and Lischer, 2010).
For each population and locus, we determined the number of alleles and estimated
observed (Ho) and expected (He) heterozygosity according to Guo and Thomson (1992).
We tested for null alleles using Micro-checker 2.2.3 (Van Oosterhout et al. 2004).

Population structure
We determined the partitioning of genetic variance between different
hierarchical levels of the population structure by means of analysis of molecular
variance (AMOVA). Genetic distances between localities (RST) were measured using
the sum of squared size difference approach (Slatkin 1995) because it is demonstrated
that this method is more appropriated for microsatellite loci, which usually show a
mutation rate several orders of magnitude higher than the frequency of point mutations
derived from other markers (Lowe et al. 2008). Gene flow was computed as the absolute
number of migrants exchanged per generation (Nm) between localities; these
calculations were carried out using Arlequin 3.5. For identification of immigrants and
potential source populations we used IMMANC, a software designed to identify
immigrants or individuals having recent immigrant ancestry, by means of the posterior
probability density of the allele frequencies (Rannala and Mountain 1997). Isolation by
distance (IBD) was computed with GENALEX 6.3 (Peakall and Smouse 2006) using a
Mantel’s test for correlation of a geographical distance matrix with a matrix of Nei’s
genetic distances between localities.
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Two Bayesian approaches were used to infer the number of independent genetic
clusters (K) in our data: GENELAND 3.1.5 (Guillot et al. 2005a) and STRUCTURE 2.3.1
(Pritchard et al. 2000). These methods find genetic discontinuities across the landscape
between populations that are not clearly separated or if there is no a priori knowledge
about population boundaries. The programs assign individuals to genetic groups. One
characteristic of

GENELAND

is that it allows the incorporation of spatial coordinates in

the algorithm of inference while STRUCTURE works just using genotypes. Because it was
recently demonstrated that clusters found by STRUCTURE can be influenced by variations
in sample size (Kalinowsky 2010), resulting in an artificial grouping of individuals from
the largest samples, we will concentrate in the main text on the results obtained with
GENELAND.

Detailed methods and results of

STRUCTURE

are available as supplementary

material.
GENELAND simulates the posterior distribution of individual georeferenced
genotypes using MCMC techniques to infer the number of clusters, K, in a data set
using a spatial statistical model and the allele frequencies (Guillot et al. 2005a, 2005b).
For the inference of K with

GENELAND

we selected the correlated frequency model.

Statistically, this model takes into account gene flow between populations as a
correlation. We assumed correlated allele frequencies between the study sites according
to our preliminary gene flow estimations (see above).
In a first step we allowed K to vary between 1 and 10. Because some of the
genotypes shared the same spatial position, an uncertainty of 70 m was attached to the
spatial coordinates. This value was selected because we observed females moving
between male territories which were separated on average by this distance. In
GENELAND,

attaching uncertainty allows assigning individuals sampled in the same
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location to different populations in case they were migrants (Guillot et al. 2005a). We
used 106 iterations in the MCMC and ran ten replications for each value of K.
In a second step we performed fifty replicates with K fixed at the modal value
obtained in the first calculation. For the assignment of individuals to genetic groups a
burn-in period of 4 x 105 steps followed by 1.6 x 106 iterations in the MCMC was
selected leaving all other parameters unchanged.

Data analyses
After an exploratory analysis, locus Gf05 was excluded because there was
significant evidence for linkage with locus Sw09 (p < 0.0001) after false discovery rate
(FDR) adjustment (Benjamini and Hochberg 1995). Spearman’s rank correlations were
applied to test whether gene diversity or inbreeding indices correlated with sample size
per population. We used the MCMC (9 x 105 steps in the chain after 105
dememorisations) approach recommended by Excoffier and Slatkin (1998) to test for
significant deviations from HWE. Exact tests using a likelihood ratio approach with 105
permutations were used to assess LD between pairs of loci. The p-values of both HWE
and LD tests were adjusted for multiple testing by using FDR approach.
Immigrants were recognized according to the posterior probability ratio test (lnɅ)
as implemented in IMMANC. Individuals with positive lnɅ values were identified as nonmigrants; whereas individuals showing negative lnɅ values were identified as
immigrants or descendant from immigrants.
For the inference of K, we calculated the posterior probability for each of the 50
replicates with fixed K and selected the 10 runs with the highest values (Guillot et al.
2005a). Maps of the posterior probability of population membership were computed in a
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spatial domain of a total of 67 km x 126 km (corresponding to a cell size resolution of
200 m) for each of these runs using a burn-in of 1.6 x 105 iterations.
All tests were two-tailed and the significance level was set to 0.05. Mean values
± standard deviations are given, if not noted otherwise.

Results
Genetic diversity
The mean number of alleles per locus over all populations was 6.0 ± 0.40,
ranging from 1 to 23 (Table 2). The genetic diversity over all loci ranged from 0.53 in
Angeles to 0.72 in Perforadora (Table 2). There was a trend that the observed gene
diversity positively correlated with sample size, reflecting population size (Spearman
rank correlation: rho = 0.75, p = 0.06). Three loci were monomorphic for the population
Angeles possibly due to the small sample size (n = 3 individuals). We found significant
deviation from HWE for some populations for both cross-species and species-specific
markers (Table 2). Deviations from the HWE may, for instance, be due to small
population sizes, non-random mating or presence of null alleles (Freeland 2005, Lowe
et al. 2004). To discard the possibility that HWE departures were an artifact of nonamplifying loci, we re-analyzed all data excluding all markers with evidence of null
alleles in at least one locality (Mme8, Asµ15, Gf12, Sw09). These analyses did not
change our results and HWE departures remained.

Population structure
The results of the AMOVA did not differ qualitatively when we used all 12 loci or when
excluding those loci with evidence for null alleles. Thus we present the 12 loci-based
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results. Our analysis showed that the most substantial variation stemmed from withinindividual variation (77%) and some from differences among individuals within
localities (19%). The least amount (4%) is due to differences between sampled localities.
In line with this the global fixation index suggested that there is no significant genetic
differentiation between localities (RST = 0.03, p = 0.113) but overall a high degree of
inbreeding (RIS = 0.19, p < 0.001). However, pairwise comparisons between localities
revealed significant differences in RST values, ranging from 0.04 to 0.21 (Table 3). In
our analysis no evidence for IBD was found (Mantel’s test: r2 = 0.11, p = 0.170)
indicating continuous genetic flow.
Locality specific RIS values revealed that Manantial, Perforadora and Soledad
had the highest and significant levels of inbreeding, while Angeles, Esperanzas and
Frayle, the localities with the smallest sample sizes, showed very low, non-significant
levels of inbreeding (Table 3). The observed RIS value increased significantly with
sample size (Spearman rank correlation: rho = 0.82, p = 0.034). Since we invested the
same sampling effort in each locality, sample size is a measure of population size and
our result likely reflects the real level of inbreeding.
The number of migrants per generation, Nm, among all populations was high
accounting to 4.7 individuals after correction for different sample sizes (see Barton and
Slatkin 1986, Slatkin and Barton 1989). The Nm between Esperanzas, Perforadora and
Soledad were going to infinity which indicates that these localities should be considered
as a single population (Table 3).
Sixteen out of one hundred individuals showed significant evidence for immigration or
a significant probability to be a descendant of immigrants (not showed).

a

b

Locus

c
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Table 2. Genetic characterization of the Worthen’s Sparrow populations at twelve microsatellite loci.

Angeles ( n = 3)

Esperanzas (n = 9)

Frayle (n = 6)

Guerrero (n = 11)

Manantial (n = 16)

Perforadora (n = 22)

Soledad (n = 33)

GD: 0.53 ± 0.330

GD: 0.64 ± 0.350

GD: 0.67 ± 0.370

GD: 0.62 ± 0.330

GD: 0.71 ± 0.370

GD: 0.72 ± 0.370

GD: 0.69 ± 0.350

Na

d

Ho

e

He

f

p

Na

Ho

He

p

Na

Ho

He

p

Na

Ho

He

p

Na

Ho

He

p

Na

Ho

He

p

Na

Ho

He

p

Mme8

1

monomorphic

3

0.22 0.22 1.00

2

0.17 0.53 0.60

4

0.27 0.52

0.07

5

0.44 0.62

0.01

5

0.27 0.52

0.01

4

0.39 0.41 0.78

Asµ15

4

1.00 0.87 0.46

6

0.67 0.80 0.24

5

0.17 0.80 0.01

8

0.36 0.87 0.001

8

0.31 0.78 0.001

9

0.41 0.74 0.001

9

0.79 0.65 0.001

Gf12

1

monomorphic

4

0.67 0.76 0.24

3

0.67 0.55 1.00

3

0.64 0.50 1.00

6

0.38 0.73

0.01

6

0.41 0.69 0.001

5

0.64 0.71 0.001

Sw09

4

1.00 0.87 1.00

5

0.89 0.78 1.00

4

0.33 0.77 0.38

8

0.64 0.80

0.46

4

0.44 0.72

0.06

7

0.59 0.78

0.33

9

0.70 0.81 0.21

Sw22

2

0.67 0.53 1.00

2

0.67 0.47 0.78

2

0.50 0.41 1.00

2

0.55 0.42

0.86

2

0.19 0.18

1.00

4

0.59 0.45

0.51

2

0.21 0.24 0.65

Sw54

1

monomorphic

3

0.11 0.22 0.23

3

0.67 0.62 1.00

2

0.09 0.09

1.00

6

1.00 0.71

0.01

5

0.77 0.60

0.51

5

0.67 0.52 0.50

Sw58

1

monomorphic

2

0.00 0.21 0.23

4

1.00 0.73 1.00

4

0.64 0.52

1.00

7

1.00 0.79

0.14

8

0.73 0.78

0.01

7

0.79 0.76 0.01

Sw62

5

1.00 0.93 1.00

8

0.89 0.87 1.00

6

1.00 0.86 1.00

8

0.91 0.85

0.56

10 1.00 0.87

0.39

10 0.91 0.87

0.02

12 0.94 0.83 0.88

Sw65

4

1.00 0.87 1.00

10 0.67 0.85 0.24

6

0.83 0.88 1.00

8

0.55 0.79

0.14

13 1.00 0.89

0.01

9

1.00 0.85

0.33

15 0.97 0.88 0.78

Sw66

2

1.00 0.60 0.40

8

1.00 0.86 0.93

2

0.33 0.30 1.00

5

0.64 0.53

1.00

6

0.94 0.75

0.42

6

0.86 0.81

0.59

9

Sw71

6

1.00 1.00 1.00

11 1.00 0.94 0.84

7

1.00 0.91 1.00

11 1.00 0.93

0.36

12 1.00 0.92

0.58

14 1.00 0.91

0.59

23 1.00 0.94 0.06

Sw75

3

0.67 0.73 1.00

4

4

1.00 0.71 1.00

6

1.00

4

1.00

7

0.45

11 0.79 0.79 0.001

0.89 0.73 0.14

0.91 0.69

0.75 0.66

0.77 0.68

0.85 0.76 0.01

a

Sample size, bAverage genetic diversity over loci ± standard deviation, cNumber of alleles per locus, dObserved heterozygosity, eExpected heterozygosity,

Significance level of deviations from HWE expectations
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Two individuals appear to have older immigrant ancestry, since their parents (with
positive values of lnɅ) were born in the same population where they were sampled, while
their grandparents and more distant ancestors were classified as immigrants from other
localities. For the fourteen remaining individuals there was evidence of recent immigrant
ancestry, all born from immigrant parents. Angeles was the population from which most
immigrants or descendants from immigrants were identified which were going to Perforadora
and Soledad. No individuals belonging to the latter localities appear to have descendants
within other populations.

Table 3. Pair-wise genetic distances between localities. RST values are given below diagonal,
numbers in bold are significant at p ≤ 0.05, above diagonal Nm exchanged between pairs of
localities. RIS values and their significant level are given in the last two columns.
Angeles Esperanzas Frayle Guerrero Manantial Perforadora Soledad
Angeles

RIS

p-value

*

3.75

2.86

2.71

3.87

5.45

5.93

-0.01

0.60

Esperanzas

0.12

*

3.39

4.64

9.46

∞

∞

-0.08

0.68

Frayle

0.15

0.13

*

30.38

1.85

6.66

4.30

-0.06

0.50

Guerrero

0.16

0.10

0.02

*

2.90

46.52

8.24

0.13

0.15

Manantial

0.11

0.05

0.21

0.15

*

10.71

27.28

0.15

0.03

Perforadora

0.08

0.00

0.07

0.01

0.04

*

∞

0.32 <0.0001

Soledad

0.07

-0.01

0.10

0.06

0.02

0.00

*

0.23 <0.0001

Inference of K
GENELAND consistently estimated K = 6 clusters across the ten best replicates when K
was allowed to vary. After re-running our data with fixed K = 6, four of these clusters showed
a consistent well defined spatial configuration. No individuals were assigned to two of the six
clusters; these clusters are ‘ghost populations’ (Guillot el al. 2005a). Such ghost populations
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are an artifact that occurs during the tiling process of the spatial domain into a heterogeneous
sampling distribution (Guillot el al. 2005a).Three areas appear to be isolated clusters: in the
south Manantial, in the northwest Frayle and directly in the north Angeles. One cluster
gathered the data from Perforadora, Esperanzas, Guerrero and Soledad as a single unit (Fig. 2).
The posterior probabilities for these clusters in five out of the ten best runs were
consistently above 0.55. Four of the spatial cluster configurations in these runs showed an
inconsistent pattern with posterior probabilities less than 0.5. We run the data fifty additional
times with unchanged parameters but with fixed K = 4 to check for consistency in the
clustering arrangement.
One of the runs with fixed K = 4 showed an identical spatial pattern as those described
previously for Figure 2. The results with fixed K = 4 were also consistent in that
Perforadora/Soledad and Esperanzas/Guerrero, respectively, clustered in single groups, and in
the clustering of Angeles and Frayle as isolated groups. A marked difference compared to the
first analysis was that Frayle clustered with Angeles, Esperanzas and Guerrero as a single
group in 30% of the runs.
With STRUCTURE the LnPr(X|K) values were similar to those obtained with GENELAND
(K = 3, Fig. S1 Suppl. Mat.). The individuals from Manantial, Esperanzas, Perforadora and
Soledad were distributed across all three clusters. Only individuals from Frayle were assigned
to a single cluster, while individuals from Guerrero and Angeles were assigned into two of the
three groups.
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Discussion

The effect of fragmentation
Despite habitat fragmentation, we found little evidence of genetic depletion or
impediment of gene flow among our study localities of the Worthen’s sparrow. This might be
due to the fact that the impact of fragmentation is still too recent to have any effects detectable
at the genetic level, as processes such as genetic drift can be slow. Studying an isolated
population of black grouse (Tetrao tetrix), Larsson et al. (2008) found difficulties to prove a
reduction in population size, which was detected only when genotype of samples from
museum were used as reference. They argued that a very small effective population size could
mask loss of genetic diversity. Although we cannot exclude this explanation completely, we
think it is more likely that our unexpected result is due to the bird’s nomadic life style. The
connectivity between the remnant localities of the study area is low to moderate (30%-60%;
Canales –Delgadillo, unpubl. data). Yet the regular ‘travel’ distances of the Worthen’s
sparrow are so high (> 5 km) that they still can move between these localities (CanalesDegadillo, pers obs). So, what seems in absolute terms as disconnected, isolated localities, are
patches within the dispersal range of the Worthen’s sparrow. These high travel distances are a
result of their nomadic behavior, an adaptation to the high temporal and spatial variability in
resources availability in arid and semi-arid areas.
Dean (2004) defined nomadic birds of arid and semi-arid areas as organisms whose
movements are regionally unpredictable, the number of individuals observed is irregular and
who can be present or absent in a locality for long or short periods of time. According to
Andersson (1980), nomadism is also associated with the tendency of adults and juveniles to
move in the search for food, and to settle and breed where it is locally abundant. Such patterns
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are observed in the Worthen’s sparrow (Behrstock et al. 1997, Scott-Morales et al. 2008,
Wege et al. 1993). Nomadism in birds of arid and semi-arid areas is considered to be an
efficient strategy to use highly variable and unpredictable biomass production that depends on
environmental conditions, especially patchy rainfalls (Andersson 1980, Dean 1997, Dean
2004). It favors individuals moving around in the search of suitable patches and offers these
birds an advantage when habitats become fragmented due to anthropogenic causes. This
suggests that nomadism makes species more resilient against habitat fragmentation, even
when levels of landscape connectivity are low to moderate.
In fact, the genetic diversity and the genetic differentiation between localities were
similar to those reported for common, unthreatened birds (Crochet 2000 and references
herein). For instance, our heterozygosity values for the Worthen’s sparrow were comparable
to those found for its close relative, the Brewer’s sparrow (Spizella breweri), which is a
common species in North America inhabiting natural fragmented habitats (Croteau et al.
2007). That high dispersal abilities can help to buffer against effects of severe habitat
fragmentation was also shown for a tropical bird, the white-starred robin (Pogonocichla
stellata) (Galbusera et al 2004).

Delimitation of subpopulations
The results from

STRUCTURE

were similar to those from

GENELAND;

however the

degree of admixture between populations was higher in the former than the latter. We think
the results of GENELAND are more realistic because: (i) the clustering pattern is in accordance
with the geographical connectivity of the localities (Fig 1) and (ii) this model showed higher
consistency in its output. Furthermore, calculations of RST values for the genetic clusters
inferred by

GENELAND

(not shown) corroborated that genotypes from Manantial, Frayle and
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Angeles (Fig. 2a, 2b and 2d respectively) are significantly different from the genotypes of the
other localities and that they contribute to population structure.
The two ghost populations found with

GENELAND

could be confirmed as a tilting

artifact (see section 3.3): they were located in valleys bordered by steep mountain slopes
where the Worthen’s sparrow does not occur, these ghost populations have no influence in the
biological interpretation of the results as no individuals were assigned to them (Coulon et al.
2006, Fontaine et al. 2007, Guillot et al. 2005a, 2005b).

Inbreeding
Nomadic and gregarious bird species tend to move together across the landscape, and
it is well established that moving in flocks increase the chances to find food and escape
predators. However, inbreeding might result as a consequence (Dean, 1997). Szulkin and
Sheldon (2008) postulated for wild populations of the great tit (Parus major) that, when
mechanisms of kin-recognition are absent, the likelihood of brother-sister mating increases
when siblings disperse in similar directions. The tendency of the Worthen’s sparrow to move
in gregarious groups (Canales-Delgadillo et al. 2008), might contribute to the high inbreeding
levels we found by promoting some degree of non-random mating. An excess of homozygotes
derived from the presence of null alleles in our data can be excluded as the inbreeding
coefficients for all 12 loci (RIS = 0.198, p = 0.0001) and the 8 loci, when those with evidence
for null alleles were excluded, (RIS = 0.265, p <0.0001), were both high and significant.

Implications for Conservation
Our findings suggest that the Worthen’s sparrow current population is represented by a
single unit composed of four subpopulations. We found no evidence for genetic

Chapter 2

32

impoverishment and the lack of IBD further indicates that mixing commonly occurs. The fact
that up to date the Worthen’s sparrow seems not to be negatively affected by habitat
fragmentation can be attributed to the species’ nomadic behavior. Such behavior might allow
species to take advantage of moderate levels of landscape connectivity.
More than 30% of the original extension of xerophilus shrub and grassland, the habitat
of the Worthen’s sparrow, had been lost in Mexico (SEMARNAT 2008). Therefore,
conservation efforts should focus on the protection of suitable habitat patches in its current
state and it should be ensured that these patches are not too far isolated to secure the viability
of the, apparently, single remnant population of this bird. Accordingly, transformation of
native grassland desert-shrub areas into farmland, and also other anthropogenic pressures such
as cattle grazing, must be controlled. The conservation of the Worthen’s sparrow’s habitat
will not only ensure the conservation of this species and other breeding bird species, but also
of other endemic species inhabiting the shrub-grasslands in Northeast Mexico (e.g. Mexican
prairie dog, see Scott-Morales et al. 2004).

Conclusion
We did no find a negative impact of habitat fragmentation on the Worthen’s Sparrow.
This is probably due to bird’s nomadic habit which allows it to cross easily from one habitat
fragment to another. Such a nomadic life style is an adaptation to the large temporal and
spatial variability in suitable environmental conditions in arid and semi-arid regions. We
suppose that a nomadic habit might mitigate the effects of anthropogenic habitat
fragmentation. Hence, bird species from arid and semi-arid regions which are adapted to cope
with variable conditions might be less prone to extinction risks.
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Figure 2. GENELAND’s assignment of individuals to clusters (K = 4) in a spatial domain of 67 x 126
km, the brighter the color, the higher probability to belong the same cluster. Black points represent the
individuals’ location. In (a) individuals sampled at Manatial, (b) individuals from Frayle, (c)
individuals from Perforadora, Esperanzas, Soledad and Guerrero, (d) individuals from Angeles. Graph
coordinates are meters and coordinate system is UTM Zone 14N.
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Chapter 3

From tree to network: conflicting phylogenetic relationships in Spizella sparrows3

J. Canales-Delgadillo, L. Scott-Morales & J. Korb.

Abstract

The genus Spizella consists of a group of small new world sparrows inhabiting in
North America. Several Spizella species are intensively studied, yet their phylogenetic
relationships are unclear and highly debated. Based on the analysis of five protein-coding
genes, we present a well-resolved hypothesis on the phylogenetic relationships within this
group. It explains why former studies failed at gaining unambiguous results. We amplified a
fragment of 2889 bp containing segments of the mitochondrial genes COI, COIII, Atp6, Atp8
and Cyt b. We conducted Bayesian Inference and maximum likelihood analyses and
complemented them with a phylogenetic network approach. Our results showed that seven
Spizella species form a monophyletic group, yet the position of the species was ambiguous
when applying Bayesian and maximum likelihood analyses. The phylogenetic relationships of
the Spizella species were better represented by a reticulate network as reveled from network
analysis. This suggests that rapid radiation and especially hybridization events in past and
recent species have obscured phylogenetic relationships. This lead to the continued debates as
such relationships cannot be unambiguously resolved with a bifurcating tree approach. This
shows how network analyses can help in resolving difficult phylogentic reconstruction.

Keywords: Sparrows, Spizella wortheni, phylogenetics, hybridization
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Introduction

The genus Spizella consists of a group of small new world sparrows inhabiting across
different ecological regions in North America that range from the arid and semi-arid areas of
the Chihuahuan Desert in Mexico through the temperate regions in the USA to boreal forests
in Alaska. Several Spizella species are intensively studied (e.g. Nelson, 1989; Goodson, 1998;
Willson, 1990; Albrech and Oring, 1995; Mahoni et al., 2006; Croteau et al., 2007), however
their phylogenetic relationships are still unclear. This hampers comparisons and compromises
conservation management of the rare and endangered representatives of this genus, such as
Spizella wortheni.

During the last fifteen years several authors contributed to clarify the phylogenetic
relationship of these sparrows using different molecular techniques such as restriction
fragment length polymorphism (RFLP, Zink and Dittmann, 1993) or sequencing of
mitochondrial genes (Dodge et al., 1995; Carson and Spicer, 2003; Canales-Del Castillo et al.,
2010).

As in other passerine birds (see Jhønsson and Fjeldså; 2006), these studies came to
inconsistent results, mainly due to the exclusion of one or more representatives from their
data sets. Hence for instance, the species status of Spizella taverneri is debated: Some
recognize it as an independent species (Mayr and Short, 1970; Sibley and Monroe, 1990;
Klicka and Zink, 1999), while others argue that it is a subspecies of Spizella breweri (AOU,
1998). This lead to the exclusion of S. taverneri from many phylogenetic analyses.

For S. wortheni, the full species status is beyond doubt, but its sister taxon
relationships is unclear. Because of similarities in plumage and size, S. wortheni and Spizella
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pusilla were supposed to be closely related (Wege et al., 1993), and earlier work even
postulated that S. wortheni might be a subspecies of S. pusilla (Burleigh and Lowery, 1942).
During a bird survey in Zacatecas, Mexico, Webster and Orr (1954) conducted a revision and
examined several specimens of S. wortheni; their data supported the hypothesis of full species
status and a close relationship with S. pusilla. Yet S. wortheni was thought to be closely
related to S. pusilla as well as to Spizella passerina when song characteristics were compared
(Webster and Orr, 1954; Wege et al., 1993).

Recently, a mtDNA-based phylogenetic study (Canales-Del Castillo et al., 2010)
included S. wortheni for the first time in a molecular analysis and this suggested that, despite
the external morphological similarities, S. wortheni is more closely related to S. breweri than
to S. pusilla.

Here we present an alternative hypothesis on the phylogenetic relationships within the
Spizella group. Our study is based on the analysis of five protein-coding genes widely used
for phylogenetic studies at species level in birds (Zink and Dittmann, 1993; Carson and Spicer,
2003; Klicka et al., 2007). We conducted Bayesian inference (BI) and maximum likelihood
(ML) analyses and complemented them with a phylogenetic network approach. This latter is a
useful tool to reveal complex, non-tree-like relationships between taxa (Huson and Bryant,
2006.). Our goal was to determine the phylogenetic relationships of Spizella species and
specifically test for the sister taxon relationships of S. wortheni and S. pusilla. Our data set
comprises for the first time all representatives of this genus, including S. taverneri whose
species status is still debated.
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Methods

Taxon sampling

Our analysis included all eight species belonging to the genus Spizella. We caught S.
wortheni individuals in La Region del Tokio, located in Northeast Mexico (262782 E,
2792794 N and 339244 E, 2667572 N) between Coahulila, Nuevo Leon and San Luis Potosí
in order to obtain blood samples for DNA extraction. From each specimen we took 0.1 ml
fresh blood from the jugular vein and stored it in blood preservation buffer (Seutin et al. 1991)
until analysis in the laboratory. Additionally, two samples of skeletal muscle of S. taverneri
and three of S. arborea (voucher UAM-6669, UAM-6670, UAM-15244, UAM-10807 and
LSUMZ B-41447) were obtained, respectively, from the University of Alaska Museum and
from the Museum of Natural Science of the Louisiana State University.

Laboratory protocols

DNA extraction and amplification

Mitochondrial DNA was extracted from five blood samples of S. wortheni and from
the samples of S. taverneri and S. arborea using the DNeasy Tissue kit (Qiagen, Hilden,
Germany) following manufacturer's instructions. Extracted DNA was re-hydrated in 50 µl
ultra pure water and the quantity and quality were assessed with a Nano-Drop 1000
spectrophotometer (PeqLab Biotechnologie, Erlangen, Germany).

For each sample, we amplified a fragment of 2889 base pairs (bp) in length containing
fragments of the mitochondrial genes cytochrome oxidase subunit 1 and 3 (COI and COIII
respectively), adenosine triphosphatase unit 6 and 8 (Atp6 and Atp8) and cytochrome b (Cyt-
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b). Primer pairs for amplification and sequencing are given in Table A.1 (see Appendix A in
supplementary materials). Due to the large size of the fragment containing the genes COIII,
Atp6 and Atp8, polymerase chain reaction (PCR) amplification with internal primers specific
for each gene, was carried out after an initial amplification of the large fragment following
Carson and Spicer (2003) with some modifications: PCR reactions were conducted in 20 µl
volumes with 1x PCR buffer, 1.5 mM MgCl2, 0.2 mM of each dNTPs, 0.5 µM of each
oligonucleotide primer, 0.25 U Taq Polymerase and ~100 ng of DNA template. The PCR
protocol consisted of a denaturation step at 94° C for one min, followed for 30 cycles at 94° C
for 45 sec, 52° C for 45 sec, 72° C for 2 min, and a final extension step at 72° C for 5 min.

For Cyt-b amplification we decreased the concentration of oligonucleotide primers to
0.2 mM, of dNTP´s to 0.1 mM each, and used 2 U Taq Plolymerase per reaction; all other
parameters remained unchanged. For COI, amplification was conducted with 1x PCR buffer,
1.3 mM MgCl2 0.1 mM of each dNTP’s , 0.1 µM of oligonucleotide primer and 1 U Taq
Polymerase per 20 µl reaction. Cycling conditions for Cyt-b and COI involved touchdown
PCR , starting with 5° C above the optimum annealing temperature of the primers with
decrements of 0.5° C every cycle; when the optimum temperature was reached, 30 additional
cycles were done ending with a final extension step at 72° C for 5 min. For Cyt-b the initial
denaturation step was changed to 2.5 min at 94° C. PCR products were screened on 1.5%
agarose gel and visualized under UV light after ethidium bromide (1mg/ml) staining.

Sequencing

PCR products were cleaned with NucleoSpin Extract II Purification Kit (MachereyNagel) prior to cycle sequencing. For cycle sequencing, we used 10 µl reactions composed as
follows: 50-100ng DNA template, 0.5-1 µl primer and 1-2 µl Big Dye Terminator v3.1
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(Applied Biosystems). The cycle sequencing protocol included an initial step at 96° for one
min, followed for 30 cycles of 96° for 30 sec, 50° for 15 sec and 60° for 4 min. Excess of dye
terminator was removed using ethanol precipitation and samples were dried in a desiccator.
DNA samples were resuspended in 12 µl formamide and sequenced in an ABI-3500
automated sequencer (Applied Biosystems).

Additionally, we obtained DNA sequences of Spizella arborea, Spizella atrogularis,
Spizella pallida, S. breweri, S. taverneri, S. passerina, S. pusilla, Junco hyemalis and
Amphispiza bilineata from GenBank (Table A.2, Appendix A).

Phylogenetic analysis

Several analyses including ten terminal taxa were carried out. The ingroup consisted
of all Spizella species. As outgroup we used sequences from J. hyemalis which is closely
related to S. passerina, a putative member of the Spizella group (Carson and Spicer, 2003);
and A. bilineata which has been postulated to have a close relation with the members of the
clade Spizella (Carson and Spicer, 2003).

Sequences were aligned independently for each gene and were also concatenated to
form a segment of 2889 bp. Sequences alignment, calculation of base composition, base
composition bias, corrected (Kimura two-parameters) and uncorrected pairwise distances
among sequences were carried out using MEGA4 (Tamura et al., 2007). To test the
probability that sequences evolve with the same substitution pattern, a disparity index test
(Kumar and Gadakar, 2001) was conducted and significance levels were computed using a
Monte Carlo test with 2500 replicates as implemented in MEGA4 (Tamura et al., 2007).
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The quality of the genetic signal of the sequences was assessed with a substitution
saturation test (Iss) according to Xia et al. (2003) and Xia and Lemey (2009) with DAMBE
v.5.2.34 (Xia and Xie, 2001).

The phylogenetic relationships among taxa were determined with the Bayesian
inference (BI) and maximum likelihood (ML) approach. jModeltest (Posada, 2008; Guindon
and Gascuel, 2003) was run under the Akaike information criterion (AIC) for concatenated
sequences and for each individual gene to determine the best substitution models for our data.
After models testing, analyses were carried out using the general time reversible nucleotide
substitution model (GTR) with among-site rate variation and with a proportion of invariable
sites.

Bayesian analyses were performed with MrBayes 3.1 (Huelsenbeck and Ronquist,
2001; Ronquist and Huelsenbeck, 2003). According to jModeltest results, data were
partitioned to allow rate variation across sites for COI, ATP8 and Cyt-b sequences, while
invariable rate partition was set for ATP6 and COIII sequences. A run with non-partitioned
data was also conducted. Following the recommendations of Huelsenbeck and Ronquist (2001)
and Ronquist and Huelsenbeck (2003), we generated a sample of 3x104 trees and discarded
the first 25% to ensure stability in the posterior probabilities estimated by means of the
Markov Chain Monte Carlo procedure (MCMC). Then, a 50% majority-rule consensus tree
was obtained using a sample size of 2.25x104 trees.

The Maximum likelihood analysis was performed with PhyML v.3.0 (Guindon and
Gascuel, 2003). Tree search was carried out through the subtree pruning and regrafting (SPR)
approach and initiated from a BioNj tree. The nucleotide substitution models were
implemented in the same way as in the BI. All parameters in the models were inferred from
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the data set. To test the robustness of the branches in the final ML consensus tree, we used
approximate likelihood ratio test with a Chi squared-based procedure (aLRT-Chi2).
According to Guindon et al. (2010), this algorithm is as accurate as conventional
bootstrapping and less time consuming.

We calibrated a molecular clock to estimate the divergence time between taxa. As
recommended for Avian phylogenetic reconstruction, we assumed a relative evolutionary rate
of 2% per one million years (Myr) (Klicka and Zinck, 1997). To test the molecular clock for
equality in evolutionary rate between sequences, we performed a likelihood ratio test (LTR)
between the -LnL scores with and without the assumption of the clock, using A. bilineata as
outgroup.

Phylogenetic networks are widely used to show the evolutionary relationships of
organisms in cases in which the data give incompatible or ambiguous genetic signals and
cannot be drawn as a bifurcating tree (Huson and Bryant, 2006). Using Splits Tree 4 (Huson
and Bryant 2006), we computed a split decomposition network to detect incompatible signals
between sequences. Additionally, we computed a reticulate network which was rooted with A.
bilineata as outgroup. Different to split decomposition networks, a reticulate network is able
to represent organisms’ evolutionary relationships when hybridization, horizontal gene
transfer or recombination between species occur (Huson and Bryant, 2006). The fit value of
the reticulate network was computed using the least squares method (LsFit) as implemented
in Splits Tree 4, by comparing the pairwise distances in the generated graphs versus the
pairwise distances in the data matrix. A bootstrapping test using 1000 replicates was
conducted to determine the support for the network’s edges.
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Results

Sequence analysis

Genes fragments sequenced for S. wortheni, S. taverneri and S arborea were stored at
EMBL-Nucleotide Sequence Database under accession numbers FR847849 to FR847858
(Appendix A, Table A.2). For the concatenated sequence, 689 sites were variable (23.84%)
and 349 sites (12.08%) were phylogenetically informative. We did no find statistical
differences between pairwise nucleotide distances calculated with corrected and uncorrected
approaches (t test, t1,39 = 0.95, p = 0.347, Fig. 1), therefore we used the uncorrected values in
further calculations. The proportion of invariant sites was 0.67. Base composition, base
composition bias and average uncorrected distances between species are shown in Table 1.

The estimated average divergence between Spizella species was 6.7%. Pairwise
divergence distances between species for the concatenated sequence ranged from 2.5% (S.
breweri vs. S. passerina) to 7.1% (S. passerina vs. S. wortheni). There was no evidence that
the different gene fragments or the concatenated fragment differed in substitution patterns
(disparity index test: p > 0.05). No significant evidence of saturation for sequences of
individual genes was found (observed Iss range = 0.100 - 0.149 < calculated Issc range =
0.606 – 0.754; p < 0.0001).
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Figure 1. Base substitutions per site between sequences of Spizella species calculated for the
concatenated sequence. The graph shows Kimura two-parameters corrected and uncorrected-p values.
Shown are boxplots with median and quartile ranges, filled circles indicate minimum and maximum
values.

Table 1. Number of sequenced sites per gene, base composition, base composition bias (R)
and average uncorrected distances (p-) for the genus Spizella among haplotypes at five
mitochondrial genes.
Sites

C

A

G

T

R

p-

ATP6

402

0.381

0.286

0.109

0.224

3.418

0.030

ATP8

168

0.385

0.304

0.076

0.236

4.915

0.097

CO1

714

0.338

0.266

0.161

0.235

4.628

0.052

CO3

573

0.331

0.271

0.148

0.250

3.655

0.055

Cytb

1032

0.333

0.267

0.166

0.234

2.410

0.061

All

2889

0.346

0.274

0.142

0.238

3.308

0.073
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Phylogenetic relationships.

Bayesian and maximum likelihood analyses showed that the seven Spizella species
form a monophyletic group (Fig. 2). As previously demonstrated (Zink and Dittmann, 1993),
S. arborea is paraphyletic to this group and seems more closely related to other passerine
species.

With the Bayesian analysis, using the whole sequence and the GTR+I+G model, we
obtained a well resolved topology for most nodes (99-100 %, Fig. 2a). However, one terminal
node (S. pusilla + S. wortheni) and one central node showed low branch support (Fig. 2a). A
second analysis, with the data partitioned and using a different evolutionary model for each
gene, successfully resolved the problem of low branch support, but a three-way polytomy
arose between the clade S. pusilla + S. wortheni and the complex S. taverneri, S. breweri + S.
passerina (Figure 2b). Note that both runs were congruent in several aspects: (i) the
placement of S. pallida and S. atrogularis at the most basal positions of the tree, although the
topology of central nodes changed between runs, (ii) the close relationship between S.
wortheni and S. pusilla which was well supported in the second run; (iii) a close relationship
between S. taverneri and the clade formed by S. breweri and S. passerina, which were placed
with robust support as sister taxa.

The maximum likelihood analysis was congruent with BI in the placement of S.
taverneri and S. breweri + S. passerina in a well supported monophyletic clade and it also
assigned S. pallida and S. atrogularis to the basal positions of the tree. As with the BI
approach, S. wortheni and S. pusilla were placed as sister taxa. The ML tree also showed one
unsatisfactory resolved terminal node and a relatively low support for one central node
(Figure 2c).

Chapter 3

45

Figure 2. Topology of the phylogenetic relationships based on five mitochondrial genes. (a) Bayesian
phylogram based on the concatenated sequence (nucleotide substitution model: GTR+I+G), (b)
Bayesian phylogram based on partitioned data using specific nucleotide evolution models for each
gene, (c) Maximum likelihood phylogram (nucleotide substitution model: GTR+I+G). Numbers at the
nodes give statistical support: posterior probabilities for the Bayesian trees and Chi-squared aLRT for
the Maximum likelihood tree.
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Results of the molecular clock calibration suggest that Spizella lineages diverged
approximately 2.5 - 3.3 millions years ago. However this estimation might be unreliable as
the evolutionary rates of the different sequences differed significantly (Table 2) and therefore
the use of a molecular clock was rejected.

Table 2. Calibration of molecular clock using maximum likelihood scores under different
substitution models.
Model:

GTR

TN93

HKY85

LnL with no clock

-8327.980

-8354.345

-8357.691

LnL with clock

-8360.689

-8386.910

-8390.432

65.417

65.130

65.482

Df

8

8

8

P

<0.0001

<0.0001

<0.0001

2

χ Likelihood ratio

Trying to resolve the inconsistencies, we added two fragments of publicly available
DNA sequences of the genes NADH subunit 2 (ND2; 1030 bp) and mitochondrial control
region domain I (CRI; 308 bp) (Appendix A, Table A.2). We re-run the analyses under the
same conditions as above, except that we had to excluded S. taverneri due to a lack of
molecular data for these genes. The additional sequences did not improve our results. Both the
BI and the ML approach showed that S. passerina and S. breweri were more closely related to
each other than to the other species; however they were not assigned to the same branch as in
our previous analysis (Appendix A, Fig. A.1). Neither BI nor ML were able to resolve
conclusively the phylogenetic relationships between Spizella members. Trees for individual
genes also showed inconsistency in their topology, polytomies (ATP6, COIII and CRI ) and
low bootstrap support (Appendix A, Fig. A.2).
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The split decomposition network reveled that most conflicting genetic signals were
present between sequences of S. taverneri, S. breweri and S. passerina (Fig. 3a). It also found
several incompatibilities at the central nodes of the network indicating that it is difficult to
depict the relationships between the species in a tree-like form (Moulton and Huber, 2009).
Since these results showed only the complexity of the data but did not reveal the phylogenetic
relationship between taxa, we computed a reticulate network. The reticulate network
supported all the pendant branches with high bootstrap values (Figure 3b).

In reticulate networks, pattern of descent are described by a putative evolutionary
history in which internal nodes represent ancestral species and nodes with more than two
parents correspond to reticulate events such as hybridization (Huson and Bryant, 2006).

In our analysis three cyclic reticulations existed (LsFit = 99.05) from which four
extant taxa descended: (i) S. atrogularis and S. pusilla with a direct common ancestor, (ii) S.
pallida and (iii) S. breweri whose immediate ancestor hybridized with the lineages of S.
taverneri and S. passerina (Figure 3b); leading to a similar patter as in the phylogenetic trees
(Fig. 1). Hence, inline with the network topology, hybridization events within the Spizella
group seem have occurred among ancestral lineages.
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Figure 3. (a) Split decomposition network showing incompatible genetic signals (parallel lines)
between central and terminal nodes. (b) Reticulate network with bootstrap values on the branches.
Three reticulation events (length = 3) are indicated with thick lines.
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Discussion

The phylogeny of the passerine genus Spizella is highly debated (Sibley and Monroe
1990; AOU, 1998; Klicka et al, 1999; Canales-Del Castillo et al, 2010). Our analyses suggest
that the difficulty to resolve the phylogenetic relationships unambiguously results from
inappropriate representation as a bifurcating tree. A well-resolved network representation
implies that there was gene flow by effects of hybridization between several species thus
obscuring their phylogenetic history.

Early studies often excluded some species from their analyses and this opened the
possibility for inaccurate inferences on phylogenetic relationships. Our results support the
early hypothesis based on phenotypic characters (Mayr and Short, 1970) that S. wortheni and
S. pusilla are closely related species. It also strengthens the sister taxon relationship of S.
passerina and S. breweri which was found by others (Zink and Dittmann, 1993; Dodge et al.,
1995; Carson and Spicer, 2003; Jhønsson and Fjeldså, 2006).

Most recently, Canales-Del Castillo et al. (2010) presented a molecular phylogeny that
was well supported at most nodes, but not fully resolved. One of their main conclusions was
that S. wortheni is more closely related to S. breweri than to any other species. Our findings
do not support this hypothesis. Yet for the following reason we are quite confident in our
results: First, similar to us, Canales-Del Castillo et al. (2010) found evidence for polytomies
which resulted in one unsatisfactorily resolved central node. Second, the exclusion of S.
taverneri from their work might have influenced their findings. Although, Klicka et al. (1999)
found only small differences in the Cyt-b sequences between the former species and S.
breweri, they proposed the recognition of S. taverneri as a separated taxon rather than to be a
subspecies of S. breweri. Based on uncorrected divergence distances we found that these
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species show enough differences at least in three individual genes to be included in our
analysis (ATP8 = 5.95%, COIII = 7.02%, ATP6 = 8.70%, COI = 0.0%, Cytb = 0.3%).

We recognize that Canales-Del Castillo et al. (2010) used a longer sequence alignment
in their study (3571 bp, compared to 2889 bp in our work) and that increased information
might enhance results. However, when we added fragments of ND2 and CRI sequences (for a
total length of 4233 bp), we did not receive a better resolved phylogeny (Appendix A, Fig.
A.1): persistently, polytomies and low supported nodes were present in both BI and ML tests.
Despite these unsatisfactory results, however, in both analyses the clade S. wortheni + S.
pusilla was well supported (BI = 99%, ML = 93%). Moreover, by excluding S. taverneri (as
in Canales-Del Castillo et al. 2010) from our analysis of the concatenated sequence (2889 bp),
the persistence of polytomies disappeared but internal nodal support remained poor
(Appendix A, Fig. A.3).

Split decomposition and reticulate networks revealed that the lack of clarity in the
former analyses might be due to the possibility of hybridization events among ancestral
lineages in the past. In general, puzzling phylogenetic relationships between passerines can be
caused by the rapid radiation of most of lineages in the early Tertiary, resulting in a lack of
synapomorphies (Feducchia, 1995). Our reticulate network results allow two possible
interpretations: First, the failure to find fixed differences between taxa could reflect very
recent speciation events within the last few thousands of years (Mallet, 2008). According to
our analyses, Spizella lineages seem to have diverged within a relative short period of time
that began approximately 2.5 - 3.3 million years ago, within the late Pliocene. Our estimation
must be taken with caution as the LRT results did not support a consistent molecular clock.
Yet it is similar to the divergence time calculated by Canales-Del Castillo et al. (2010) and it
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also coincides with the beginning of a period thought to have an explosive radiation in
passerine birds (Feducchia, 1995; Poe and Chubb, 2004; Weir and Schluter, 2007). Second,
the inconsistency in the genetic signal might be caused by hybridization between ancestral
lineages or among recent species. Although not yet confirmed by molecular studies, several
reports for contemporary hybridization among Spizella species exist, for instance: S.
passerina x S. pallida (Parkes, 1990), S. breweri x S. taverneri (MacCArthy, 2006 and
references therein) and S. pallida x S.pusilla (Hoag, 1999). Moreover, hybrids of Spizella
birds with other passerines such as Passer montanus or Pooecetes gramineus also occur
(MacCArthy, 2006 and references therein). Hybridization in natural avian populations is
especially common when birds have low chances to find mates (e.g. at the edges of its
distributional ranges or when they are disorientated during migration) or when male birds are
imprinted on an incorrect song (Hoag, 1999; MacCArthy, 2006). As the distributional ranges
of most of the Spizella species overlap and some species have very similar songs (Webster
and Orr, 1954; Behrstock et al., 1997), we think that hybridization account to a high degree
for the conflicting phylogenetic relationships of this genus.

In summary, our analyses support the hypothesis of sister relationships between
respectively, S. wortheni - S. pusilla and S. breweri - S. passerina. For at least five
mitochondrial genes, the phylogenetic relationships between lineages could not be completely
resolved in a bifurcating tree, but are better represented in a reticulate network. Our study
shows how the application of network analyses can resolve long-lasting debates of
phylogenetic relationships; this might be especially important in phylogenetic reconstructions
on passerine birds which have a history of rapid radiations combined with common
hybridization events.
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Chapter 4

Why are some species rare: A case study on passerine Spizella birds4
J. Canales-Delgadillo, L. Scott-Morales & J. Korb.

Abstract

Causes of species rarity are diverse and are commonly attributed to reduction of
suitable habitats and habitat fragmentation. However, species may also become rare through
evolutionary and ecological processes that result in high specialization or a narrow range of
adaptability during times of environmental change. We did a study on passerine birds of the
genus Spizella to improve our understanding why some species are rare compared to their
congeneric counterparts. The Worthen’s sparrow (Spizella wortheni) is an endemic rare
species restricted to the shrub-grassland habitats in the arid and semi-arid regions of northeast
Mexico, in contrast to its congenerics, it is not a long-distance migrant but behaves as a
nomadic bird. We used multivariate analyses to search for patterns of habitat filtering among
Spizella sparrows and estimated their bioclimatic marginality, specialization, niche breadth
and niche overlap. Spizella species occurred in 15 out of 21 vegetation types found in the
North American region, principally in areas of shrub-cropland-tree or grassland mosaics. Our
results suggest that communities of Spizella sparrows are phylogenetically clustered. We
found no evidence of similarity in the response to environmental variation among species.
Overall, Spizella species showed marginality values > 1 and high niche overlap. The high
specialization and low tolerance estimated for S. wortheni suggest that its rarity is linked to its
patterns of dispersal behavior.
4
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Introduction

In the ecosystems not all species are equally common, some are abundant others
common and the most, rare. Biological rarity is defined as the inverse of the magnitude of
abundance, range size or a combination of the two (Gaston 1994). Causes of rarity are diverse.
Nowadays, they can often be attributed to a reduction of suitable habitats and habitat
fragmentation, which negatively affect population sizes and breeding success. However,
species may also become rare through evolutionary processes resulting for instance from a
narrow niche with strict habitat requirement, limited dispersal or low per capita growth rates.
Low population densities and restriction of geographical ranges might also be a consequence
of recent speciation (Kuning and Gaston, 1993 and references herein).

We present a bird study to improve our understanding why some species are rare
compared with their congeneric counterparts. The genus Spizella consists of eight species of
small passerine sparrows native to North America where they occur from the tropical and
subtropical regions of Mexico to the boreal forests in Alaska and Canada. Winter migration
for most of these species is well known; they span from Canada and the USA to northerncentral Mexico. Breeding grounds for most species occur in all three countries (e.g.: Naugler
1993, Tenney 1997, Rotenberry et al. 1999, Middleton 1998, Carey et al. 2008, Winter et al.
2006, Scott-Morales et al. 2008, Canales-Delgadillo et al. 2008). Only the Worthen’s sparrow
(Spizella wortheni), probably the least studied species in the genus, is an endemic rare species.
Its distribution is restricted to the shrub-grassland habitats in the arid and semi-arid regions of
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northeastern Mexico, after populations in the southern part of its historical distribution range
went extinct (Wege et al. 1993, Scott-Morales et al. 2008). In contrast to its congeners, S.
wortheni is not a long-distance migrant but behaves as a highly nomadic bird (CanalesDelgadillo et al. unpub. manuscript). Recently, a microsatellite-based genetic study
demonstrated that despite its low population sizes in one of the remaining populations
(BirdLife International 2000: 120 birds, Canales-Delgadillo 2006: 111 birds), no genetic
depletion could be detected and gene flow among localities was high (Canales-Delgadillo et
al. unpub. manuscript).

In the current study, we used multivariate analyses on the phylogenetic structure of
Spizella communities to investigate whether we can detect patterns of phylogenetic attraction
or repulsion between species at large geographical scale. Helmus et al. (2007a) defined
phylogenetic attraction as closer phylogenetic relatedness among species in a community than
expected by chance, while lower than expected relatedness indicates phylogenetic repulsion.
As phylogenetic attraction/repulsion can be caused by environmental factors, we investigated
whether factors such as altitude, temperature or rainfall might influence the presence/absence
of species across vegetation communities. We also estimated for each species its bioclimatic
marginality (the difference of the species niche from the conditions in the global area with
respect to its mean), specialization (the difference of the species niche from the conditions in
the global area with respect to its standard deviation), niche breadth (the range, as determined
by the bioclimatic variables, within which species’ niche occur) and niche overlap (the region
of niche space shared by two or more species).
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Methods
Data sampling
We collected data on the geographical distribution of all eight species of the genus
Spizella for the entire region of North America (Canada, the USA and Mexico), this included
Spizella taverneri (Sybley and Monroe 1990), which is considered a subspecies of Spizella
breweri by some authorities (AOU, 1998), while other consider it an independent species (our
recent phylogeny confirms the latter perspective, Canales-Degadillo et al. in prep.).
Occurrence data for all species were obtained from the Global Biodiversity Information
Facility database (www. gbif.org). As S. wortheni is largely understudied, we supplemented
this data set by our own records for this species collected between 2003 and 2008.
A set of environmental data, consisting of eleven bioclimatic variables, altitude and
vegetation cover was also collected (Table 1). Bioclimatic variables are frequently used in
ecological niche modeling and represent temperature and rainfall annual ranges as well as
extremes (for details see Table 1). Data for these variables and the altitudes were obtained
from WorldClim database 1.4 (Hijmans et al. 2005). A cover layer with 21 vegetation
categories was obtained from the Global Land Cover dataset (Latifovic et al. 2003). Due to
the large geographical scale of this study, each vegetation category was treated as a
community (hereafter called vegetation community).
All used data are publicly available for download in a gis-usable format with a
resolution of about 1 km2. As the data were portioned by country, each environmental
variable was merged into a single geo-raster covering the entire region of North America and
clipped when necessary to have raster layers with exactly the same resolution and
geographical extent. All geographical data were handled using DIVA-GIS v.7.0 and QGIS
v.1.6.

Chapter 4

57

Presence/absence data across vegetation communities for all species as collected from
the geographical records were summarized in a binary matrix. A phylogenetic tree, including
all Spizella species was used to compute a pairwise phylogenetic variance-covariance matrix
among taxa. Finally, a matrix was constructed that contained the mean values of the 12
environmental variables for the 21 vegetation communities.

Phylogenetic community structure
Following Helmus et al. (2007a), we first analyzed the phylogenetic community
structure of Spizella sparrows for each of the 21 vegetation communities (excluding
environmental variables) using phylogenetic species variability (PSV) metric. This
summarizes the degree to which species in a community are phylogenetically related (Helmus
et al. 2007b). PSV values close or equal to one indicate that the species in a community are
unrelated. Thus, that community shows maximum phylogenetic variability, i.e. overdispersed
community structure. As the PSV approaches zero the phylogenetic relatedness between
species increases and the variability within the community decreases, indicating a clustered
community structure (Helmus et al. 2007a, Helmus et al. 2007b). We used two null
hypotheses to test our data: first, that communities consist of random draws of species from
the whole species pool of eight species and second, that communities were assembled by
selecting species from the species pool in proportion to their prevalence (presence/absence)
among vegetation communities (Helmus et al. 2007a). To test the observed data against the
null hypotheses, two null distributions were generated using 10 000 permutations. These
analyses were restricted to those vegetation communities with at least two species.
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Phylogenetic attraction and repulsion
In a next step, we tested the influence of environmental factors for explaining
phylogenetic community structure to reveal repulsion/attraction effects. To do this, we fitted
multiple logistic regressions on the correlations between species co-occurrences and the
correlations of phylogenetic relatedness among species, once with and once without including
environmental variables as filtering species factors. To avoid overfitting of the model we used
maximum penalized likelihood approach (Kosmidis 2010). We followed the logistic
regression model described by Helmus et al. (2007a) which had the form:
logit(θ(xk)) = bo + b1x1,k +…+ bjxj,k
where θ(xk) is a 8 x 1 vector of the probabilities that each of the 8 species occurs in a
vegetation community k(k = 1,…, K); xj,k is the value of the jth environmental variable for
each vegetation community k(j = 1,…, 12) and bj is a 8 x 1vector of regression coefficients for
each of the 8 species in response to environmental variable j. Significance of the correlations
was tested using 10 000 replicates in a permutation test.
To determine which environmental factors filter species, bj were treated as species
traits in order to estimate the phylogenetic signal (K), as a measure of the similarity in which
species respond to environmental variation (Helmus et al. 2007a, Ives et al. 2007, Blomberg
2003). A K close or larger than 1 for an environmental variable j, implies that species
resemble ecologically each other more than expected under Brownian motion evolution,
meaning that species respond in similar way to that environmental variable (Blomberg 2003,
Helmus et al. 2007a). To test the significance of K under the null hypothesis of no similarity
in the species’ response to environmental variation, p values were computed based on
variance of phylogenetic independent contrasts relative to tip shuffling randomization, using
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5 000 replicates (Blomberg 2003, Kembel et al. 2010). All these analyses were carried out as
implemented in the R package Picante (Kembel et al. 2010).

Bioclimatic marginality and specialization
In terms of ecological niche, species have an optimum within a range of environmental
conditions in which they can exist. Thus, habitats laying out this optimum imply some level
of marginality (i.e. species mean differs from the global mean) or specialization (species
variance is lower than the global variance) that might restrict species’ distribution (Hirzel et al.
2002). Both marginality and specialization can be estimated by means of ecological niche
factor analysis (ENFA) using only-presence data (Hirzel et al. 2002). Similar to a principal
component analysis, ENFA summarizes several environmental predictors into a few
uncorrelated factors that explain most of the ecological information (Hirzel and Perrin 2007).
The first factor obtained from ENFA represents those variables from which the species niche
differs mostly from the conditions of the global area, e. i. marginality (M). Although M
normally ranges between zero and one, it might exceed the unity (Hirzel et al. 2002). This is
evidence that the focal species had very particular habitat requirements. The other factors in
the ENFA, represent the degree of specialization (S), which measure how restricted the
species niche is as compared with the total available habitat (Hirzel et al. 2002, Reutter et al.
2003). Specialization coefficient varies between zero and infinite. Tolerance can be estimated
as the inverse of S and ranges between zero and one. Tolerance values close or equal to one
indicate that species inhabit wider niche than species showing values close to zero.
To estimate the degree of bioclimatic marginality and specialization, thirteen
ecogeographical maps (EGV’s) were constructed from the bioclimatic variables, altitude and
vegetation communities. Prior to analysis, all EGV’s were Box-Cox normalized. Species
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maps consisted of additional raster layers, one per species, with the same geographical
extension and resolution as the EGV’s but containing a value of 1 only for those cells where
the focal species is present. Estimation of M, S and tolerance, as well as each species niche
breadth and niche overlap between species pairs was carried out as implemented in
Biomapper 4.0 (Hirzel and Perrin 2007). Here, we refer to the species niche as the realized
niche, which is defined as the region of its niche that a species is able to occupy in the
presence of interspecific competition and natural enemies (Emerson and Gillespie 2008).
From the several indices of niche breadth and niche overlap returned by Biomapper, we
present here the Hulbert’s indices because different to others, it assumes that individuals are
equivalent in their behavior (Hulbert 1978).

Results

Spizella species occurred in 15 out of the 21 vegetation types found in North America.
They were absent from open broad deciduous and needle-leaved forest, but occurred in
evergreen forests or when forest were closed. Records of these birds were also absent from
regularly flooded and bare areas as well as from cropland-tree cover mosaics. By contrast,
cropland-shrub-tree or grassland mosaics accounted for most records.

Community structure
The average PSV value was small (PSVobs= 0.0578), indicating that communities of
co-occurring Spizella sparrows are composed by closely related species. According with the
tree’s topology, S. wortheni and Spizella pusilla are sister taxa, while the sister species S.
breweri and Spizella passerina form a three-species complex with S. taverneri (Fig. 1). The
prevalence of S. wortheni across communities was notably lower than the prevalence of its
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sister taxa S. pusilla (Fig. 1), which highlights the restricted distribution of the former. For the
three-species complex and for most of the remaining species in the phylogeny, their level of
prevalence among communities was similar (Fig. 1). Under null hypothesis 1 (communities
consist of random arrangements of the whole species pool) communities of Spizella sparrows
seem to be phylogenetically clustered (PSVobs= 0.0578, PSVnull 1 = 0.0532, p = 0.01). That
closely related species (e.g., S. taverneri, S. breweri and S. passerina) tend to occur in the
same communities was also supported through rejection of null hypothesis 2 which accounted
for the species’ prevalence (PSVnull 2 = 0.0568, p < 0.001).

0

0.05

0.1

0.15

0.2

Prevalence

Figure 1. Phylogeny (scaled in million years) and prevalence of Spizella species across 15
vegetation communities in North America.

Phylogenetic attraction and repulsion

We found no evidence of phylogenetic attraction or repulsion after the logistic
regression analysis. No statistical relation between the correlations of species co-occurrence
and their phylogenetic relatedness was found neither when environmental variables were
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ignored nor when included (Fig. 2a, 2b respectively). Also, no significant difference in the cooccurrence correlation of closely related species was observed with respect to the cooccurrence of the more distantly related species (Fig. 2c). These results suggest that
environmental variables do not add anything in explaining the fact that phylogenetically
closely related species often co-occur. Accordingly, we found no evidence that species
respond in similar ways to environmental variation. The estimated K values were similar for
all variables and always < 0.5 (Table 1). No significant difference between the observed data
and the random variance was found (p > 0.05, Table 1). Thus, the environmental variables do
not describe adequately the presence/absence of the species across vegetation communities
according to the Spizella phylogeny.

Table 1. Phylogenetic signal of eleven environmental variables on the presence/absence of
species across communities. Variables are sorted by decreasing value of K.
K

PICobs

PICrnd

PICp

Precipitation seasonality

0.498

0.365

0.315

0.827

Precipitation of driest quarter

0.482

0.679

0.554

0.863

Precipitation of coldest quarter

0.480

4.159

3.405

0.861

Mean temperature of warmest quarter

0.478

1.555

1.236

0.779

Mean annual precipitation

0.477

2.650

2.150

0.866

Precipitation of wettest quarter

0.477

7.358

5.929

0.839

Precipitation of warmest quarter

0.477

9.304

7.524

0.852

Altitude

0.472

0.001

0.001

0.853

Mean temperature of driest quarter

0.469

2.919

2.304

0.858

Mean temperature of coldest quarter

0.469

12.639

10.121

0.855

Mean annual temperature

0.466

7.059

5.466

0.873

Mean temperature of wettest quarter

0.454

0.523

0.397

0.856

Environmental variable

PICobs and PICrand: Observed and expected variance in phylogenetic inertia correlation, PICp: p-value of observed vs. random
variance.
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b

c

Figure 2. Pairwise phylogenetic correlations against pairwise species co-occurrence
correlations estimated without (a) and with (b) environmental variables included. No
significant association between the species co-occurrence and their phylogenetic relatedness
that indicate patterns of attraction or repulsion was found (p > 0.05). Plot (c) shows the
change in the correlations co-occurrence once environmental variables are included.

Bioclimatic Marginality and Specialization
We found no correlation between M and S (Pearson’s product-moment correlation: r =
0.39, t6 = 1.05, p = 0.333), but significant negative correlations were found between M and
tolerance (r = -0.75, t6 = -2.83, p = 0.030) and S and tolerance (r = -0.80, t6 = -3.24, p = 0.017).
Overall, M values among Spizella species were larger than 1 (Table 2). Coefficients of M
showed were similar between species for seasonal extremes of temperature: mean temperature
of warmest quarter (0.30 - 0.45), mean temperature of coldest quarter (0.26 - 0.44) and mean
temperature of driest quarter (0.18 - 0.46). Contrasting, M coefficients for rainfall variables
(e.g. annual mean precipitation) differed largely between species (-0.09 - 0.33). S. wortheni
had the highest degree of specialization, more than one order of magnitude larger than all
other species, which had similar values (Table 2). S. wortheni also had the lowest level of
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tolerance, implying that this species is highly restricted by its habitat requirements. According
to the ENFA analysis, habitat marginality of S. wortheni is related to altitude and the seasonal
minimal and maximal temperatures (Table 3).
Overall, the niche overlap between most species pairs was close to or larger than 1,
indicating that Spizella birds use some resources (e.g. shrub patches, grasslands) more
intensively than others (e.g. tree cover, cropland) and that this use tends to coincide between
species (Hulbert 1978) ( Table 4). All Spizella species had similar niches breadths, except S.
wortheni and S. atrogularis which showed smaller values (Table 4).

Table 2. ENFA estimation of the overall marginality and specialization of the Spizella species
in North America.
Species

Marginality

Specialization

Tolerance

S. arborea

1.578

2.633

0.380

S. atrogularis

1.735

3.574

0.280

S. breweri

1.428

2.539

0.394

S. pallida

1.073

1.690

0.592

S. passerina

1.472

1.763

0.567

S. pusilla

1.927

3.453

0.290

S. taverneri

1.582

1.970

0.508

S. wortheni

1.823

71.657

0.014
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Table 3. Coefficient values for the ecological variables used in the estimation of marginality
and specialization of S. wortheni. Explained variance for the first six factors is indicated in
brackets.
Marginality Spec. 1 Spec. 2 Spec.

Spec.

Spec.

3 (1%) 4 (1%)

5 (1%)

Ecogeographical variable
(80%)

(12%)

(4%)

Altitude

0.48

0.24

0.02

0.03

-0.06

0.00

Mean temperature of coldest quarter

0.45

0.01

-0.50

-0.61

-0.29

0.56

Mean annual temperature

0.42

-0.21

0.68

0.77

0.87

-0.77

Mean temperature of wettest quarter

0.38

-0.09

0.24

-0.15

-0.13

-0.02

Mean temperature of driest quarter

0.36

-0.15

-0.12

0.03

-0.29

-0.01

Mean temperature of warmest quarter

0.32

0.16

-39.00

-0.07

-0.18

0.26

Precipitation seasonality

0.08

0.04

0.01

-0.02

-0.03

-0.03

Precipitation of warmest quarter

0.03

0.16

0.05

0.05

-0.02

0.00

Vegetation type

-0.02

0.00

0.00

0.00

0.00

0.00

Mean annual precipitation

-0.02

-0.58

0.14

0.03

-0.10

0.07

Precipitation of wettest quarter

-0.02

0.05

-0.15

-0.07

0.11

-0.02

Precipitation of driest quarter

-0.03

-0.40

0.10

0.03

-6.00

0.04

Precipitation of coldest quarter

-0.04

0.55

-0.07

-0.07

-3.00

-0.14
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Table 4. Estimation of Hulbert’s niche overlap L (below diagonal) and niche breadth B'
indices (in bold on the diagonal) among Spizella species based on presence/absence on
vegetation communities of North America.
S.

S.
Species

S. arborea

S.

S.

S.

S.

S.

atrogularis breweri pallida passerina pusilla taverneri wortheni

S. arborea

0.520

S. atrogularis

2.20

0.181

S. breweri

2.21

3.07

0.360

S. pallida

0.93

1.84

1.82

0.601

S. passerina

1.82

1.89

2.02

1.08

0.537

S. pusilla

1.96

1.48

1.71

0.94

1.96

0.440

S. taverneri

1.34

2.26

1.99

1.06

1.70

1.42

0.580

S. wortheni

0.19

2.50

0.15

1.04

1.18

0.04

0.04

0.035

Discussion

Our results demonstrate that ecological processes such as specialization imply habitat
restriction, which might contribute to species rarity. The coexistence of Spizella sparrows
across communities appears not to be affected by competition since large realized niche
overlap exists among species. S. wortheni differs from its congenerics in its small niche breath
and, as mentioned above, in its nomadic behavior while all other species are migrants. These
traits could explain the rarity of this species.

Community structure and coexistence
Our PSV analysis showed that Spizella species are phylogenetically clustered across
vegetation communities. This might be explained by their general pattern of habitat use:
habitats with mean temperatures ranging from -10°C to 20°C and with low to moderate
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rainfall regimes (30 mm to 195 mm) are preferred for Spizella sparrows. Furthermore, shrubs
seems to be crucial for both breeding and non-breeding activities for all species (e.g.: Best
1978, Reynolds and Knapton 1984, Biermann et al. 1987, Carey 1990).
A phylogenetically clumped distribution of taxa indicates that habitat filtering is acting
on the species pool in the communities (Emerson and Gillespie 2008). Thus, our results
suggest that niche among Spizella species might be a phylogenetically conserved trait. These
results together with the high niche overlap observed, suggest that the coexistence of Spizella
species is not limited for processes such as competitive exclusion. Additionally, behavioral
traits such as flocking in mixed-species flocks frequently with congenerics during the nonbreeding season and during migration trips (see Naugler 1993, Knapton 1994, Tenney 1997,
Rotenberry et al. 1999, Middleton 1998, Carey et al. 2008, Winter et al. 2006, CanalesDelgadillo et al. 2008), might explain the pattern of community structure we found.
Assemblage community rules (Diamond 1975) postulate that communities are composed of
non-random combinations of species which avoid niche overlap of closely phylogenetically or
ecologically related organisms. This concept was strongly debated by others (see Götzenberg
et al. 2011) and it has been demonstrated that phylogenetic relatedness or ecological similarity
do not always lead to competitive exclusion (see Wiens and Rotenberry 1979 for a review on
the coexistence of ecologically similar grassland and steppe bird species in North America).
On the other hand, low food availability might also force birds to coexist by exploration of
wider niches (Kober and Bairlein 2009).
Co-occurrence and successful coexistence across communities of cladistically or ecologically
very similar species has been also found for other organisms, such as fishes (Winston 1995).
For sympatric cyprinid fishes foraging rates, niche breadth and territoriality of co-occurring
species do not change with food availability fluctuations (Martin and Genner 2009). For
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Spizella species, at geographical large-scale habitat filtering allows a successful coexistence
of closely related species without considerable conflicts caused by niche overlap.
The set of environmental variables we used in this study showed that Spizella species respond
mainly to seasonal extremes of temperature. Lack of significance in the phylogenetic signal of
the environmental variables might be due to the low number of taxa in our sample. This is
because the few possible permutations in small phylogenetic trees make it difficult to detect
phylogenetic signals at p < 0.05 (Blomberg et al. 2003)

Rarity of Spizella wortheni
One accepted hypothesis to explain rarity is that recently diverged taxa have not yet
occupied all possible niches they might be able to use. On the other hand, it is also argued that
oldest taxa tend decline in abundances, which eventually leads to species extinction (Kuning
and Gaston, 1993). Neither the former nor the later seems to be the case for S. wortheni (Fig.
1). In the phylogeny, basal and the more recently diverged species (Fig. 1) show a wider
distribution and higher population numbers than S. wortheni. Therefore, we do not think that
the evolutionary age can explain the rarity of this species.
Besides its narrow niche breadth and low tolerance (Table 2 and 3), the reason of the
rarity of S. wortheni might lay in its behavior. Among Spizella birds, S. wortheni is the only
species that does not migrate neither for breeding nor wintering. Different to the other species,
S. wortheni behaves as a nomadic bird (Canales-Delgadillo, unpubl. manuscript).
Our results are congruent with other studies addressing questions on rarity. Birds with
specialized feeding behavior or narrow habitat requirements and non-migratory habits tend to
be rarer than those with generalist habits or wider niche breadths (e.g., Goerck 1997, Cofre et
al 2007). Cognitive abilities and resources-use specialization might also influence bird
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populations due to the flexibility in resource use and the ability to cope with habitat changes
(Schultz et al. 2007). A comparative study between S. wortheni and congenerics showing
contrasting characteristics such as synanthropy (e.g., S. passerina or S. arborea), might help
to improve our understanding of the nature of its specialist behavior and therefore of its rarity.

Conclusion
Our results indicate that neither competitive exclusion nor evolutionary history can
explain the rarity of S. wortheni. Its rarity might be rather linked to its nomadic behavior and
its narrow niche. Spizella bird communities are composed by closely related species that cooccur among fifteen different vegetation types across North America. We did not find
evidence that species respond in similar ways to environmental variation. The independence
of correlations co-occurrence and phylogenetic relatedness among species across vegetation
communities suggest that competitive exclusion does not affect the coexistence of these birds.
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General Discussion

Pollution, transformation of natural habitat into farmland and other human-related
activities have been the main causes of bird populations decline during the last decades,
leading to an increasing number of threatened species (Donovan et al. 1995, Peterjohn 2003,
Freeland 2005, Díaz et al. 2006). This affects especially endemic species and those with
restricted distribution areas. For the characterization of the genetic background, important
ecological factors and evolutionary processes influencing species survival, population
genetics are a useful tool. They help in identifying the best strategies for diversity
conservation at all levels of the biological hierarchy resulting in stable ecological and
evolutionary processes that sustain the biological diversity on the earth (Avise 2004).

In chapter 1, I present the first molecular tools developed specifically for the study of
S. wortheni populations. Since microsatellite markers from other passerine species were only
applicable to some extent, it was necessary to develop specific markers. Using a hybridization
capture approach (Glenn and Schable 2005), I was able to isolate nine variable novel
microsatellite markers which reliably amplified DNA from S. wortheni.

By using the markers I isolated, and four additional microsatellites developed for other
bird species, I did population genetic analyses for seven remnant populations of S. wortheni
(Chapter 2). Its populations have been described as small and isolated within its distribution
range. Thus, I expected to find low genetic diversity. I found that habitat fragmentation has
apparently no strong influence on the genetic diversity and the gene flow among the study
localities. Potential reasons may be a very recent habitat fragmentation, since it are known to
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mask loss of genetic diversity within populations (see Larsson et al. 2008). Alternatively, and
perhaps more likely, this unexpected result may be caused by the nomadic life style of S.
wortheni, which make it tolerant to habitat modification.
Nomadic birds living in arid and semi-arid areas are known to be adapted to
unpredictable environmental conditions characteristic of these places. By moving from one
patch to another they are able to find sites where resources for feeding or breeding are
available (Dean 2004). This behavior allows the genetic exchange between different groups,
which prevents the loss of genetic diversity. The dispersal range of S. wortheni is > 5km,
which allows it to travel between apparently isolated patches (landscape connectivity in the
study area is around 30% - 60%). Accordingly, I hypothesize that nomadic birds might be
more resilient against negative effects of habitat fragmentation, but only if levels of landscape
connectivity allow constant exchange between patches. My findings are supported by
previous research on the “buffer effect”, which describes that a high mobility of birds protects
populations to some degree from negative consequences of habitat fragmentation (Galbusera
et al 2004).
In line with this, no evidence for isolation by distance was found since the seven
studied localities form a quasi-panmictic group. A weak but significant structure of the
population, given by four genetic clusters, was observed. High mobility of S. wortheni was
confirmed by high rates of gene exchange between them (Chapter 2). For instance,
heterozygosity values for S. wortheni were similar to those found for its close relative, the
Brewer’s Sparrow (Spizella breweri), which is a common migratory species in North America
(Croteau et al. 2007).
Despite the favorable levels of genetic variability among study localities, I found high
and significant levels of inbreeding in three of these localities. One of the principal genetic
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threats for wild populations is inbreeding depression (Frankham 1995). Inbred populations
show low reproductive success and increased extinction risk. I attribute the high levels of
inbreeding to the tendency of S. wortheni to move in gregarious groups (Canales-Delgadillo et
al. 2008). It is true that nomadism might help to solve some of the difficulties of living in arid
and semi-arid habitat; however, a drawback of this behavior is that non-random mating might
occur (Dean 1997). When mechanisms of kin-recognition are absent, as for wild populations
of the Great Tit (Parus major), the likelihood of brother-sister mating increases when siblings
disperse in similar directions (Szulkin and Sheldon 2008). Thus, the tendency of S. wortheni
to move in gregarious groups might contribute to the high levels of inbreeding.

Previously, the knowledge about S. wortheni’s biology was limited to basic aspects of
its distribution and habitat use. My research has revealed novel aspects on the population
genetic parameters of this species that might help to improve conservation efforts. However,
an important aspect of this bird, namely the phylogenetic relationships to its congeners
remained unclear: Pioneer work on the phylogeny of the genus Spizella (Zink and Dittmann
1993, Carson and Spicer 2003, Canales-Del Castillo et al. 2010) was unsatisfactory as
representatives were missing in the analyses. This made previous conclusions ambiguous.

In my study on the phylogenetic relationships of the Spizella clade (Chapter 3), for the
first time all representatives were included, even Spizella taverneri. Currently, there is no
consensus on the status of S. taverneri as an independent species (Sibley and Monroe, 1990;
Klicka and Zink, 1999); some times it is considered as a subspecies of S. breweri (AOU,
1998).
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By using Bayesian Inference and maximum likelihood approaches I analyzed DNA
segments from five mitochondrial genes. As for many other avian groups (Jhønsson and
Fjeldså; 2006), the construction of bifurcating phylogenetic trees for the Spizella clade was
problematic. My results suggested a sister taxon relationship between S. wortheni - S. pusilla,
while a close relationship was also found between the clade S. breweri - S. passerina and S.
taverneri. These results differed from those by Canales-Del Castillo et al. (2010). Their
molecular data, suggest that S. wortheni is more related to S. breweri than to S. pusilla.
However, like me, they also had difficulties solving a three-way polytomy and observed low
statistical support in a central node of their tree.
Uncertainties in phylogenetic relationships can arise due to rapid species radiation or
can be a consequence of hybridization events (Huson and Bryant, 2006.). By means of
phylogenetic network analysis I realized that potential hybridization among ancestors of the
recent taxa might be obscuring the evolutionary history of this group. A well resolved
network showed three cyclic reticulations from which lineages of four contemporary taxa
descend. Although not confirmed by molecular analyses, reports of hybrids between different
Spizella species (S. passerina x S. pallida (Parkes, 1990), S. breweri x S. taverneri
(MacCArthy, 2006) and S. pallida x S.pusilla (Hoag, 1999)) support my findings. My results
support the hypotheses that S. wortheni and S. pusilla (Wege et al. 1993) and S. breweri and S.
passerina (Carson and Spicer 2003) are sister taxa.

An intriguing question in the field of ecology linked to my research is why species are
rare. In the past it was postulated that rare species are poorly adapted organisms which will
inevitably go extinct (Drury 1974). However, many rare species have existed for long time
periods and strategies of rare species to avoid extinction have been documented for several
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organisms (e.g.: Williams et al. 2009). Yet, the causes of rarity per se are not yet well
understood. Based on my research with S. wortheni - which also historically is a rare species I tested several hypotheses about the rarity of species using Spizella birds as a model system
(Chapter 4).
Rarity can be explained by diverse reasons. They are often related to a reduction of
suitable habitats and habitat fragmentation, which negatively affect population sizes and
breeding success. However, it can also be a consequence of recent speciation (Kuning and
Gaston, 1993). Based on the study of the phylogenetic community structure, patterns of
phylogenetic attraction and repulsion and estimation of marginality, specialization and niche
overlap among species, I investigated the possible causes of rarity in S. wortheni.
The phylogenetic community structure analysis suggested that Spizella species are
clustered across vegetation communities. This could be explained by the general habitat use
of these birds: all are highly dependent on shrubby landscape for both breeding and nonbreeding activities (e.g. Best 1978, Reynolds and Knapton 1984, Biermann et al. 1987, Carey
1990). Assuming phylogenetically conserved ecological traits, the phylogenetically clumped
distribution may indicate habitat filtering among Spizella species. This is in line with a high
niche overlap between co-occuring species which also suggests that competitive exclusion
does not play an important role in structuring Spizella communities. Additionally, behavioral
traits such as flocking in mixed-species flocks, frequently with congenerics during the nonbreeding season and during migration trips (see Naugler 1993, Knapton 1994, Tenney 1997,
Rotenberry et al. 1999, Middleton 1998, Carey et al. 2008, Winter et al. 2006, CanalesDelgadillo et al. 2008), might contribute to explain the pattern of community structure I found,
and suggest that the rarity of S. wortheni is not a matter of interspecific competition.
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According to the ecological niche factor analysis, the factors limiting the distribution
of S. wortheni are altitude and the seasonal minimum and maximum extremes of temperature.
This implies that S. wortheni is highly restricted by its niche requirements. Recently diverged
taxa might not yet occupy all possible niches they might be able to use, thus having a
restricted distribution. On the other hand, also the oldest taxa tend to decrease in abundance,
thus becoming rare (Kuning and Gaston, 1993). Neither the former nor the later seem to be
the case for S. wortheni. According to the phylogeny, species older (Spizella atrogularis) or
younger (S. breweri) than S. wortheni have wider distribution ranges and higher population
sizes. Therefore, evolutionary age can be excluded as the reason of the rarity of S. wortheni.
Specialist habits may arise from evolutionary changes that induce a shift to more
restricted habitat requirements (Futuyama and Moreno 1988). Compared with its congenerics,
S. wortheni is the most specialized of all Spizella species. This is demonstrated by its low
tolerance to variation of climatic conditions as well as by its narrow niche breadth.
Rarity of S. wortheni might mirror a potential evolutionary change in its behavior that
results in niche specialization. My results are matching other studies on rarity (e.g., Goerck
1997, Cofre et al 2007), that found that birds with specialized feeding behavior, narrow
habitat requirements and non-migratory habits tend to be rarer than those with generalist
habits or wider niche breadth.
Biological conservation programs require a solid knowledge of the focal species to be
protected. Understanding the biology of species and the processes affecting the population
dynamics will help to make accurate decisions on what to protect and the best way to protect
it. The studies I presented here open new possibilities to understand the current state of the S.
wortheni populations, its relationships with other species and with the environmental factors
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affecting its prevalence in the shrub-grassland areas of northeastern Mexico. Further studies
on its life history are needed to prevent this species from going extinct.
Since I found moderate high levels of genetic diversity among the studied populations
in a fragmented landscape, I suggest that nomadism makes bird species more resilient to
habitat fragmentation. This work is also added to those trying to establish the phylogenetic
relationships among Spizella birds and to those that could deduce the evolutionary causes of
species rarity.
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Summary

The development of genetic tools to study populations at the molecular level has been
one of the most important contributions to understand demographic processes in wild
populations of conservation concern. Habitat loss and habitat fragmentation are the main
factors causing declines of birds populations, as in the case of the Worthen’s sparrow
(Spizella wortheni), a Mexican endemic Emberizid restricted to scrub and grassland habitats
in northeastern Mexico.
Here, I present the first molecular tools developed specifically for the study of S.
wortheni populations. Genetic analyses of seven remnant populations of S. wortheni showed
that no genetic impoverishment is present. This unexpected result may be caused by the
nomadic life style of S. wortheni, which makes it tolerant to habitat modification. The high
levels of inbreeding I found can be attributed to the tendency of S. wortheni to move in
gregarious groups, since non-random mating might be present.
My analyses based on the study of DNA segments from five mitochondrial genes
support the hypotheses that S. wortheni and S. pusilla (Field Sparrow), as well as S. breweri
(Brewer’s Sparrow) and S. passerina (Chipping Sparrow) are sister taxa. A phylogenetic
network analysis showed that conflicting relationships among Spizella species might be
caused by possible hybridization events between ancestors of extant taxa.
Based on the study of the phylogenetic community structure, patterns of phylogenetic
attraction and repulsion, and on the estimation of marginality, specialization and niche
overlap among species, I investigated the possible causes of rarity in S. wortheni. The
phylogenetic community structure analysis suggested that Spizella species are clustered across
vegetation communities. Assuming phylogenetically conserved ecological traits, the
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phylogenetically clumped distribution may indicate habitat filtering among Spizella species.
Additionally, behavioral traits such as flocking in mixed-species flocks might contribute to
explain the pattern of community structure I found, and suggest that the rarity of S. wortheni
is not a matter of interspecific competition. According to the phylogeny, evolutionary age was
also discarded as a cause of rarity of this species. Compared with its congenerics, S. wortheni
is the most specialized of all Spizella species. A potential evolutionary change of S. wortheni
behavior that results in niche specialization is more likely to be the cause of its rarity.
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Zusammenfassung

Die Entwicklung von molekular-genetischen Methoden zur Untersuchung von
Populationen ist eine der wichtigsten Beiträge, um demografische Prozesse von
Wildpopulationen hinsichtlich des Artenschutzes zu verstehen. Verlust und Fragmentation
von Lebensräumen sind die wichtigsten Faktoren für den Rückgang von Vogelpopulationen,
wie im Fall der Zacatecasammer (Worthen’s Sparrow, Spizella wortheni, Emberizidae), einer,
Ammer, die in Strauch- und Graslandschaften im Nordosten Mexikos endemisch ist.
Hier stelle ich die Ergebnisse der ersten molekular-genetischen Untersuchungen an S.
wortheni Populationen vor. Grundlage dafür sind neun artspezifische Nukleär Mikrosatelliten,
die im Rahmen dieser Arbeit isoliert wurden.
Eine Analyse der sieben letzten vorhandenen S. wortheni Populationen konnte keine
genetische Verarmung nachweisen. Dieses unerwartete Ergebnis kann durch die nomadische
Lebensweise von S. wortheni erklärt werden, die sie flexibel auf Habitatveränderungen
reagieren lässt. Die Untersuchungen ergaben ein hohes Inzuchtpotential. Dies ist
möglicherweise auf die Eigenart von S. wortheni zurückzuführen in Schwärmen zu wandern,
was eine nicht zufällige Partnerwahl für die Fortpflanzung bedingen könnte.
Meine Analysen, basierend auf der Untersuchung von DNA-Segmenten von fünf
mitochondrialen Genen, unterstützen die Hypothese, dass S. wortheni und S. pusilla
(Klapperammer), sowie S. breweri (Nevadaammer) und S. passerina (Schwirrammer)
Schwesterarten sind. Eine Phylogenetische Netzwerk-Analyse hat gezeigt, dass die
widersprüchlichen

Beziehungen

zwischen

den

Spizella-Arten

durch

mögliche

Hybridisierungsreignisse zwischen den Vorfahren der rezenten Taxa verursacht worden sein
könnte.
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Aufgrund der Untersuchungen zur phylogenetische Struktur der Artengesellschaft,
dem Muster der phylogenetischen Anziehung und Abstoßung, sowie der Abschätzung von
Marginalität, Spezialisierung und Nischenüberlappung der Arten, habe ich die möglichen
Ursachen der Seltenheit von S. wortheni untersucht. Die phylogenetische Struktur der
Artengesellschaft-Analyse lässt vermuten, dass die Spizella-Arten über Vegetationstypen
hinweg aggregiert vorkommen. Unter der Annahme von phylogenetisch konservierten
ökologischen Eigenschaften, gibt die aggregierte phylogenetische Verteilung möglischerweise
einen

Hinweis

auf

Habitatsfilterung

der

Spizella-Arten.

Zusätzlich

könnten

Verhaltensmerkmale, wie die Neigung interspezifische Schwärme zu bilden, das von mir
gefundene Muster der Artengesellschaft erklären. Des weiteren legen diese Verhaltensweisen
den Schluß nahe, dass die Seltenheit von S. wortheni nicht durch interspezifische Konkurrenz
hervorgerufen wird. Aufgrund des phyllogenetischen Alters von ca 1.8 Millionen Jahren kann
das Alter der Art als Grund für ihre Seltenheit ausgeschlossen werden. Im Bezug auf die
Habitatansprüche ist S. wortheni die spezialisierteste aller Spizella-Arten.. Im Bezug auf die
Habitatansprüche ist S. wortheni die spezialisierteste aller Spizella-Arten. Die hohe
Spezialisierung in Bezug auf die Habitatwahl könnte ein wahrscheinlicher Grund für die
Seltenheit von S. wortheni sein.
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Supplementary Materials

Supplementary material for chapter 2: Analysis of population structure implemented with
STRUCTURE 2.0.

STRUCTURE is a program to recognize genetically differentiated populations, to assign
individuals probabilistically to genetic groups, and to identify migrants. It uses a model-based
method that accounts for the deviations from Hardy Weinberg equilibrium (HWE) and
linkage disequilibrium (LD) by introducing population structure into the whole data set to
identify groups that are not in disequilibrium (Pritchard et al. 2000). For the estimation of K
we performed several runs to test the behavior of our data. We selected the admixture option
and the correlated frequency model because we assumed some level of gene flow and hence
that populations were related. We allowed K to vary from 1 to 10 and 2 x 106 iterations on the
MCMC including a burn-in period of 8 x 105 steps were used, with ten replications for each K.
To check for consistency of our estimate of the probability of the data (LnPr(X|K)) we
performed 20 additional replicates but with K ranging from 1 to 5 and leaving all other
parameters unchanged. These analyses were carried out on the freely available Bioportal at
the University of Oslo (<www.bioportal.uio.no>).

Data Analysis
The results obtained with STRUCTURE were analyzed using Structure-sum.2009 (Ehrich
2006, Ehrich et al. 2007), a script of the R-programming language, which includes a series of
functions to analyze results of genetic clustering from STRUCTURE. Using this script we
summarized the data of LnPr(X|K) across all runs to determine the true value of K (Evanno et
al. 2005, Pritchard et al. 2000).
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To visualize the genetic structure we used the estimated membership fractions for each
individual across the best runs. The coefficient matrices of membership from each program
were aligned and averaged with

CLUMPP

1.1.2 (Jakobsson and Rosenberg 2007) and drawn

with DISTRUCT 1.1 (Rosenberg 2004).

Results
With

STRUCTURE

the LnPr(X|K) values were similar between K = 1 and K = 3 (Fig.

S1a). Thus, we investigated the individuals’ assignment matrices for these values of K
because a symmetric pattern in the percentage distribution of the individuals’ assignment
within the clusters might indicate a lack of population structure (Pritchard et al., 2000). For K
= 3 there was no symmetric pattern in the percentage of assignments to clusters. The
maximization of ∆K method (Ehrich 2006, Ehrich et al. 2007, Evanno et al. 2005) showed
that the true number of clusters inferred with STRUCTURE is K = 3 (Fig. S1b). The individuals
from Manantial, Esperanzas, Perforadora and Soledad were distributed across all three
clusters. Only individuals from Frayle were assigned to a single cluster, while individuals
from Guerrero and Angeles were assigned into two of the three groups (Fig. S2).
The Evanno’s criterion for optimization of K is an approach that helps to find the true
number of genetic clusters when initial analyses with STRUCTURE show no a clear pattern for
a given peak of K as in Fig. S1a, where K =1 was similar to K =3. Evanno’s et al. (2005)
optimization clearly demonstrated that K > 1 (Fig. S1b), this result is supported by the
findings of GENELAND, and pairwise RST; it is also according to the geographic distribution of
the study localities.
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Figure S1. Estimated number of genetic clusters from STRUCTURE. In a), the mean value of LnPr(X|K)
shows no clear peak pattern with similar values between K = 1 and K = 3, b) shows the optimum value
of K after application of Evanno’s et al. (1995) optimization criterion.
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Figure S2. Population structure of Worthen’s sparrow estimated with STRUCTURE with fixed K = 3,
predefined study localities are shown in blocks and separated by a black horizontal line, for each
individual the probability to belong to a cluster K is indicated by a thin colored line.
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Appendix A

Table A1. Primer pairs used for DNA amplification and sequencing of S. wortheni and S. taverneri samples. Note the use of internal
primers for the amplification of genes ATP6, ATP8 and COIII after an initial amplification with primers tRNA-Lys-corvus and CO3BBcorvus.
Gen

Primer pair

Forward sequence 5’- 3’

Reverse sequence 5’- 3’

COI

BirdF1/BirdR2

TCTCCAACCACAAAGACATTGGCAC

ACTACATGTGAGATGATTCCGAATCCAG

Cyt-b

L14995/H-16065

CTCCCAGCCCCATCCAACATCTCAGC
ATGATGAAACTTCG

CTAAGAAGGGTGGAGTCTTCAGTTTTTGG
TTTACAAGAC

Helbig et al. 1995

GACCCATCCTAGGAGCAGCCGC

GATTGGAAGTCGATTATAAT

CAGCACTAGCCCTTTTAAGCTAG

GTACGAAGACGTAGGCTTGG

CAGCACTAGCCCTTTTAAGCTAG

GATTAGTGCTCATTTGTG

GACCCATCCTAGGAGCAGCCGC

GATTGGAAGTCGATTATAAT

Carson and Spicer
2003
Carson and Spicer
2003
Carson and Spicer
2003
Carson and Spicer
2003

ATP6
ATP6
ATP8
COIII

SPIZ1FD/CO3BB
Corvus
tRNA-Lyscorvus/SPIZ2BK
tRNA-Lyscorvus/SPIZ3BK
SPIZ2FD/CO3BB
-corvus

Source
Kerr et al. 2007
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Table A2. Accession numbers of sequences obtained from GenBank for phylogenetic reconstruction of genus Spizella.
COI

Cyt-b

ATP6 – 8 / COIII

ND2

CR

S. arborea

DQ433190

FR847858

AF468627

AY138925

AY138908

S. atrogularis

DQ433192

HQ263417

AF468628

HQ263433

HQ263429

S. breweri

DQ434134

AF118236

AF468629

AF290121

HQ263427

S. pallida

DQ434759

FJ547279

AF468630

FJ547320

AF122949

S. passerina

DQ433193

FJ547278

AF468631

FJ547319

AY862849

S. pusilla

DQ434768

EF529933

AF468632

EF529824

HQ263428

S. taverneri

FR847850

AF118239

FR847855 / FR847856 / FR847857

—

—

S. wortheni

FR847849

FR847851

FR847852 / FR847853 / FR847854

HQ263432

HQ263426

A. bilineata

DQ433307

FJ547280

AF468635

FJ547321

HQ263430

J. hyemalis

DQ434618

EU325787

AF468624

AF447288

AY995313
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S wortheni
59

57

S pallida
100

S pallida
34

S atrogularis

S atrogularis

100

S breweri

S breweri

S passerina

S passerina

A bilineata

A bilineata

0.02

Figure A1. Bayesian (left) and maximum likelihood (right) tree topologies’ constructed with a total length fragment of 4233 bp and
rooted with A. bilineata, numbers are the nodal support values.
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Figure A2. From left to right, tree topologies’ for genes ATP6, CO3 and the mitochondrial control region, numbers are nodal support
values after a Chi-squared aLRT carried out with PhyML.
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Figure A3. Maximum likelihood phylogram constructed with a fragment length of 2889 bp and excluding S. taverneri from the analysis,
numbers are nodal support, note that low aLRT support was persistent in a central node.
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