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Genetic differentiation and habitat connectivity
across towhee hybrid zones in Mexico
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Abstract Hybridization can either reinforce or erode species boundaries; therefore,
hybrid zones offer a natural experimental setting in which to assess the dynamics of
reproductive isolation. Secondary contact zones, in particular, present a partial separation
of the original divergence mechanisms and the subsequent genomic architecture of
reproductive isolation (or lack thereof). The spatial context of secondary contact and its
consequent effect on dispersal play vital roles on the contact’s outcome. In a hybrid
complex between two towhee species in Mexico, Pipilo maculatus and Pipilo ocai, two
major hybrid gradients provide natural replicates for comparison. However, genetic
analyses demonstrate significant divergence between geographically separate parental
populations of each species and divergence of populations within each hybrid zone. The
two hybrid transects (Teziutlán and Transvolcanic) are distinct and evidence suggests
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allelic introgression both across the species boundary and between the two transects.
Habitat corridors for dispersal represent functional connectivity hotspots where the two
transects meet. Both habitat connectivity and genetic differentiation between geographi-
cally disparate parental populations appear to influence the dynamics of gene flow across
the hybrid gradients. In southern sympatric populations (Mt. Orizaba and Oaxaca) where
morphological evidence for hybridization is scarce, opposing species’ alleles appear to
traverse through the hybrid zones rather than arising from cryptic local hybridization.
These results illustrate the importance of environmentally mediated gene flow in the
context of secondary contact as an important force influencing evolutionary trajectory.

Keywords Gene flow ! Habitat connectivity ! Hybrid zone ! Introgression !
Dispersal

Introduction

Hybridization offers a window into speciation processes and the mechanics of reproductive
isolation (Arnold 1997; Rieseberg et al. 1999; Seehausen 2003; Mallet 2005; Arnold 2006;
Gompert and Buerkle 2009). Development and/or maintenance of reproductive isolation in
the face of gene flow (‘divergence with gene flow’) is not only important in the context of
incipient speciation but also for lineages cyclically in and out of secondary contact (Danley
et al. 2000; Emelianov et al. 2003; Niemiller et al. 2008; Nosil 2008; Kingston et al. 2012;
Nosil and Feder 2012). As closely related lineages separate and reconnect it is important to
understand what mechanisms contribute to the maintenance, or demise, of genetic dif-
ferences between these lineages. In fact, a hybrid zone arising from secondary contact may
be a particularly powerful tool for investigating reproductive isolation due to the separation
in time and space of the initial forces driving divergence and the current selective land-
scape (Gompert et al. 2012).

Applying spatially explicit analyses to natural systems such as hybrid zones can provide
great insight into the genomic structure of hybridization, interspecies gene flow, and the
critical relationship between habitat and diversification (Brumfield et al. 2001; Hanotte et al.
2002; Manel et al. 2003; Holderegger and Wagner 2006; Cicero and Johnson 2007; McRae
and Beier 2007; McRae et al. 2008; Balkenhol et al. 2009). Determining the importance of
current environmental factors on gene flow can help isolate dynamics confounded within the
genomic and spatial landscapes (Andrew et al. 2012). Discerning habitat-mediated dispersal
corridors in the context of hybrid-mediated gene flow can help us unravel the complexities
involved in the breakdown (or maintenance) of reproductive isolation.

The extensive, stable regions (temporally and spatially) of hybridization between two
species of towhees, Pipilo ocai and Pipilo maculatus, in Mexico presents a unique model
system in which to explore questions concerning porous species boundaries and interac-
tions between ecological factors and hybridization. This system has a long, rich history of
study (Sibley 1950, 1954; Sibley and West 1958; Sibley and Sibley 1964; Braun 1983;
Kingston et al. 2012). Two large axes of hybridization exist (Fig. 1): a ribbon of montane
habitat extending North–South along the Sierra Madre Oriental mountain range (herein the
Teziutlán gradient) and another patchier swath of habitat extending West–East along the
island-like volcanic peaks of the Mexican Transvolcanic Belt region (herein the Trans-
volcanic gradient) (Sibley 1954). The two gradients offer comparative differences in
altitude, habitat, seasonality, precipitation, and landscape fragmentation.
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Hybrid towhee populations in most contact areas appear morphologically as panmictic
hybrid swarms, not simple F1 mixtures of dispersing parental individuals (Sibley 1954;
Sibley and West 1958; Sibley and Sibley 1964). The temporal and spatial stability of these
hybrid populations—particularly across the islands of montane habitat in the Transvolcanic
Belt—contributed to nomenclatural confusion and myriad of previous subspecific and race

Fig. 1 Sampling locations across both Teziutlán (TZ) and Transvolcanic (TV) gradients depicted in
Mexico. Generalized distributions for both species superimposed upon sampling map (based on
NatureServe.org distributions, Sibley’s maps (Sibley 1950, 1954; Sibley and West 1958; Sibley and Sibley
1964) and the distributional data reported here)
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designations (Sibley 1950; 1954; Sibley and West 1958). However, at Mt. Orizaba and
south into Oaxaca the parental plumage type of P. maculatus re-appears and exists in
sympatry with P. ocai. In both gradients, the species prefer high elevation pine/oak scrub
habitat, and are frequently observed in agricultural edge habitat. The collared towhee, P.
ocai, prefers higher elevations (2,000–3,000? m) and wetter, pine-centric habitat. Con-
versely, the spotted towhee, P. maculatus, prefers more intermediate elevations
(1,500–3,000 m) and drier, oak-centric habitat (Sibley 1954; Sibley and West 1958; Sibley
and Sibley 1964). The species overlap significantly in ecological needs and Sibley (1954)
noted that in areas of sympatry such as Mt. Orizaba they often exist ‘‘in the same thicket.’’

These two species may have experienced varying degrees of secondary contact post-
Pleistocene due to cyclical wet and dry cycles throughout the Holocene (Metcalfe 2006;
Corres-Metrio et al. 2012). It is possible the secondary contact was initiated or exacerbated
by humans altering forest habitat. However, these areas of Mexico have been under great
anthropogenic influence (agriculture, deforestation) for up to 3,000 years (Sibley and
Sibley 1964), so it is unlikely that their current contact is a recent phenomenon. While
these two species may not be sister taxa (P. maculatus is closer to the eastern towhee, P.
erythrophthalmus, in mitochondrial lineage), they are closely related. Additionally, they
are each other’s closest relative among those species interacting in the Mexican montane
habitat (P. erythrophthalmus is limited in range to the eastern United States) (Zink et al.
1998; DaCosta et al. 2009). Sibley himself, while acknowledging that the close relationship
between maculatus and erythrophthalmus is a confounding factor, asserted it was ‘obvious’
that P. maculatus and P. ocai in Mexico share a recent common ancestor (Sibley 1950,
1954).

The natural environmental variation ‘treatment’ levels found in the hybrid gradients of
Pipilo maculatus and P. ocai render these hybrid zones useful models in which to test the
relationship between divergence, gene flow and habitat. Using powerful multi-locus
genetic markers, we aim to determine what genetic differentiation is being maintained in
the face of current hybridization. We ask: how effective is current gene flow at promoting
introgression? How do the genetic signals of local differentiation and gene flow between
populations relate to habitat-mediated dispersal corridors? The lessons we learn from the
towhee hybrid zones may inform analyses on the origins and maintenance of biodiversity
at larger taxonomic, geographic, and genomic scales.

Materials and methods

Sampling

Both the Teziutlán and Transvolcanic gradients were sampled to incorporate the two
largest axes of hybrid towhee variation in Mexico (Table 1; Fig. 1). Birds were collected
via mist net or shotgun and tissue samples (muscle, heart, liver) were frozen and archived.
Voucher museum specimens were prepared for each individual collected. Tissues and
vouchers were deposited at Louisiana State University Museum of Natural Science
(LSUMZ), the US National Museum of Natural History (USNM), and the Museo de
Zoologı́a (Facultad de Ciencias, UNAM; MZFC) (Supporting Table 1). The Teziutlán
transect (*1,150 km in length) was sampled in 1979 and 1981, with target sample size of
15 individuals per site (9 sites, 172 individuals). The Transvolcanic transect (*760 km in
length) was collected in 2008–2009, with target sample size of 30 individuals per site (10
sites, 288 individuals). Across both transects, mean sample size per site was
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24.21 ± 10.41 (SD). Although the majority of the Teziutlán gradient was sampled
25 years prior to the Transvolcanic gradient, both species were sampled at Mt. Orizaba
during both time periods to assess stability of population genetic signature over time (Mt.
Orizaba ocai (TZ08) N for 1981 = 16, 2009 = 31 and Mt. Orizaba maculatus (TV09) N
for 1981 = 14, 2009 = 30).

DNA extraction

DNA was extracted from muscle tissue with phenol-chloroform preparation following
proteinase K digestion (Sambrook et al. 1989). The method was executed either manually
or via AutoGen extraction robot. DNA was quantified using a Nanodrop ND-1000 spec-
trophotometer and DNA quality assessed via gel electrophoresis.

mtDNA sequencing

The complete mtDNA ND2 locus was sequenced for 303 individuals among all sampled
populations (10–33 individuals per population, Supporting Table 1). The ND2 locus was

Table 1 Sampling locations across two towhee hybrid transects in Mexico

Site Locality Plumage
type

Transect Latitude Longitude N Year(s)

TZ01 Mesas de las Tablas,
Coahuila

P.
maculatus

Teziutlán 25.250 -100.450 16 1981

TZ02 San Javier, Quéretaro P.
maculatus

Teziutlán 20.783 -99.567 17 1981

TZ03 Tlaxco, Puebla Hybrid Teziutlán 19.667 -98.167 17 1979,
1981

TZ04 E. Huichautla, Puebla Hybrid Teziutlán 19.783 -97.600 14 1979

TZ05 Teziutlán, Puebla Hybrid Teziutlán 19.817 -97.367 15 1979

TZ06 R. Palenquillo, Veracruz Hybrid Teziutlán 19.650 -97.117 16 1979

TZ07 Cofre de Perote, Veracruz Hybrid Teziutlán 19.567 -97.100 15 1979

TZ08 Mt. Orizaba, Puebla P. ocai Teziutlán 19.050 -97.301 47 1981,
2009

TZ09 La Cumbre, Oaxaca P. ocai Teziutlán 17.165 -96.628 15 1981

TV01 Cacoma, Jalisco P. ocai Transvolcanic 19.851 -104.453 30 2008

TV02 Colima, Jalsico P. ocai Transvolcanic 19.633 -103.621 30 2008

TV03 Uruapan, Michoacán Hybrid Transvolcanic 19.491 -102.006 21 2008

TV04 Ichaqueo, Michoacán Hybrid Transvolcanic 19.578 -101.147 31 2008

TV05 Contepec, Michoacán Hybrid Transvolcanic 19.965 -100.159 29 2008

TV06 Ocuilan, Mexico Hybrid Transvolcanic 18.982 -99.377 29 2009

TV07 Popocatépetl - Iztaccı́huatl
massif, Mexico

Hybrid Transvolcanic 19.101 -98.594 31 2009

TV08 Acajete, Puebla Hybrid Transvolcanic 19.149 -97.926 29 2008

TV09 Mt. Orizaba, Puebla P.
maculatus

Transvolcanic 19.075 -97.331 44 1981,
2009

TV10 La Cumbre, Oaxaca P.
maculatus

Transvolcanic 17.167 -96.633 14 1981

Total 460
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targeted using the primers L5215 and H6313 (Hackett 1996; Sorenson et al. 1999). The
gene was amplified via PCR using Taq DNA polymerase (Biolase), a buffer supplied by
the manufacturer, and 1.5 mM final concentration of MgCl2, with the following cycling
profile: 94 "C 30 s, 50 "C 30 s, 72 "C 60 s, 30 cycles total with a single 94 "C initial soak
step and a final 10 min 72 "C extension step. Amplicon bands were visualized on agarose
gels. The PCR product was purified with ExoSAP-IT (single step hydrolytic enzyme clean-
up) and cycle sequenced with ABI BigDye 3.0. Original amplification primers and addi-
tional internal primers (Supporting Table 2) were used for cycle sequencing to assure
maximization of double stranded data. Sequences were generated by capillary electro-
phoresis on an ABI 3730XL Genetic Analyzer. Chromatograms were vetted, contigs
assembled, and consensus sequences created in Sequencher 4.10.1.

Finished sequences were aligned by eye in Se-al 2.0. Haplotype redundancy was cal-
culated in MacClade 4.08. Sequence divergence was calculated in PAUP* 4.0b under a
Kimura 2-parameter model (Swofford 2003). A median joining network was calculated
using Network 4.610 (for the network estimation, haplotypes were considered identical if
resolution of ambiguous bases or missing data could render them so; proportion of missing
data and ambiguous bases was \0.04 %).

AFLP

The AFLP assay was run on all individuals according to Vos et al. (1995) with modifi-
cations by Kingston and Rosel (2004). Twelve selective primer pairs were utilized (Sup-
porting Table 3). Fragments were visualized via capillary electrophoresis on an ABI
3130XL Genetic Analyzer and scored across all populations in GeneMapper 4.0. Sixteen
samples were re-run across the entire assay and scored blindly. The rate of incongruence
among these sixteen pairs of scores across all loci was 1.4 %; the low level of incon-
gruence did not demonstrate any systematic bias. Global FST values across all AFLP loci
for pairwise population comparisons were calculated in AFLP-SURV using Bayesian
estimation of allele frequencies; locus-specific FST values were calculated in DFDIST.

Population genetic and sequence analyses

Mitchondrial sequences were analyzed in a coalescent context using migrate-n to infer
mitchondrial gene exchange across the hybrid transects (Hey 2004; Beerli 2006). Three
population clustering schemes were compared using Bayes Factors in migrate-n (Sup-
porting Table 4, calculated with Bezier Thermodynamic estimate of marginal likelihood)
(Beerli and Palczewski 2010). These scenarios were selected to cover a range of biolog-
ically realistic parameters that were also computationally feasible. A priori pooling of
populations for the three schemes was done based on P. maculatus and P. ocai haplotype
group frequencies (Figs. 2, 3). For each clustering scheme, three replicate runs were
completed through 1,000,000 MCMC iterations using 4 heated chains at 4 different tem-
peratures with the following options selected: Bayesian inference, haploid sequence data,
bidirectional migration estimates for all population pairs inferred, theta and migration
priors derived from FST, heated chain swapping enabled, heated chain using default
temperatures. Migrate-n was used to directly test population schemes via Bayes Factors.

Multi-locus population structure across the hybrid transect (without a priori population
designations and assumptions) was inferred using the AFLP markers and a hierarchical
Bayesian modeling construct in the program structure (Pritchard et al. 2000; Falush et al.
2007). Rather than aiming to optimize results for a particular number of populations

282 Evol Ecol (2014) 28:277–297

123



(denoted by the parameter K), analysis parameters were optimized on preliminary data (16
sampling sites, 342 individuals, 477 markers) and a large window of K values were
investigated (K = 2–12 with the following options for structure: burn-in 100,000 itera-
tions, run 1,000,000 iterations, 10 replicates per K value, admixture model, infer lambda,
infer alpha). To maximize the biological relevance of our efforts, we employed the Evanno

Fig. 2 Mitochondrial haplotype group frequency (northern maculatus—light green, southern maculatus—
dark green, eastern ocai—dark blue, western ocai—light blue) plotted by sampling population (circles not
proportional to population sampling size)
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method (2005) to pinpoint the K value with the largest rate of change in likelihood and also
presented results from a range of K values surrounding this ‘optimal’ K value. We adopted
this approach because our cross-species sampling design makes inference of hierarchical
population structure in the data likely. In that scenario, the highest level of hierarchical
structure will generally receive the ‘optimal’ K, even though other significant structure is
present. For this reason we avoided formal testing of the K = 2 scenario where the bio-
logically unrealistic K = 1 is assessed against K = 2. In addition, methods designed to
pinpoint an ‘optimal’ K have been criticized as ad hoc, and we feel presenting results as a
function of K is biologically meaningful (Evanno et al. 2005; Falush et al. 2007; Earl and
vonHoldt 2011). The two species represented in this study were not evaluated in isolation
via structure because the main focus of our analyses was to assess gene flow dynamics via
hybridization.

Habitat connectivity analyses

Functional connectivity among the sampling points across both transects, given a cost
surface based on habitat type, was assessed in Circuitscape 2.0 (Shah and McRae 2008).
Circuitscape utilizes electronic circuit theory to model connectivity through heterogeneous
landscape. Habitat types were inferred through categorized land use maps of Mexico
(Instituto Nacional de Estadı́stica y Geografı́a, 2005 version via ArcMap). Since the true
cost of each habitat type in this system is unknown, preliminary analyses varying the
conductance of the habitat types were performed to verify that the inferred resistance
distances and current maps are robust to variation (Koen et al. 2012) (Supporting Table 5).
In the cost surface used, we coded preferred towhee habitat (pine/oak forests and associ-
ated edge agricultural habitat) with low resistance/ high conductance (conduc-
tance = 5,000), while we coded matrix habitat (all other land-use types) with high
resistance/ low conductance (conductance = 1). We implemented a full pairwise model
(each population sampling location acts as a ground and a source versus every other

Fig. 3 Median joining network of the mtDNA ND2 haplotypes surveyed across the parental species and
both hybrid transects. Haplotypes are represented by circles at the nodes and joined by edges representing
single base-pair changes; the size of the node is proportional to the observed frequency of the haplotype.
Additionally, nodes are color-coded by parental and hybrid groups. The lengths of the edges are proportional
to the number of changes, with the single large break between species groups noted
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population). We compared resistance distances between sampling locations to pairwise
measures of genetic population differentiation (FST measured via the program AFLP-surv
1.0). To assess the significance of this relationship, we used a Mantel Test (R package
ade4, mantel.rtest, 9,999 iterations).

Results

Sequence/coalescent analyses of mtDNA

There are 63 unique ND2 haplotypes among the 303 individuals sequenced across both
species and transects. All sequences are 1,018 bp in length (ends trimmed to avoid missing
data). Individuals from both sampling time points in both Mt. Orizaba populations were
sequenced and compared; there is no significant difference in haplotype frequency within
species between the 1981 and 2009 time points (number sequenced for TZ08 1981 = 14,
2009 = 19; TV09 1981 = 12, 2009 = 14). Among all sequenced individuals, distinct P.
maculatus and P. ocai haplotype groups are separated by 39 substitutions (Fig. 3); ND2
sequence divergence between the species is 5.0 % (K2P model). All birds of parental
morphology exhibit mtDNA haplotypes matched to plumage type with one exception in
each species, both at the Mt. Orizaba location (TZ08, TV09). These two mismatched
individuals were sampled 28 years apart, run in different extraction and sequencing plates,
and were both re-amplified and re-sequenced, so the mismatches likely represent true
haplotype introgression rather than laboratory error. Neither individual exhibits an unusual
admixture signature compared to the rest of their populations in the AFLP data.

Each species also demonstrates a geographically isolated haplotype subgroup (Figs. 2, 3):
the southern subgroup at the Oaxaca site for P. maculatus (TZ09), and the western subgroup
in the Jalisco populations of P. ocai (TV01 and TV02). All individuals sampled at these
locations exhibit haplotypes unique to these groups, and these haplotypes are not observed
elsewhere across the sampling locations (Fig. 2). The haplotypes of the two ocai subgroups
differ by 2–9 substitutions, while those of the two maculatus subgroups differ by 2–12
substitutions. Thus, the geographic subgroups of each species reflect much shallower
divergence than that between the two species.

Bayes Factors indicate that phylogeographic variation in the mtDNA data better rep-
resents a five population scheme than others tested (scheme 2, Supporting Table 4, Sup-
porting Figure 1). Bi-directional migration estimates between these pooled population
groups indicate that the greatest gene flow occurs between the northern half of the Tez-
iutlán gradient and the central and eastern portions of the Transvolcanic gradient (Table 2).
These populations are relatively close geographically and include the areas where the two
transects meet. However, gene flow appears to be asymmetrical, running more heavily
from the Teziutlán into the Transvolcanic gradient, reflecting widespread sharing of the
northern maculatus haplotypes. While the confidence intervals of h (theta) overlap for all
populations, the ‘‘D’’ population trends toward exhibiting a higher value, suggesting a
greater effective population size. This ‘‘D’’ group is the population incorporating the
intersection of the two transects, so this inflated effective population size may be reflecting
haplotype diversity due to the incorporation of populations interacting with both transects
(Fig. 3, Supporting Figure 1, Supporting Table 4). Smaller migration estimates indicate
low levels of asymmetric gene flow from the northern Teziutlán into the southern Teziutlán
gradient and from southern Teziutlán into the central/eastern Transvolcanic gradient
(Table 2). These last two estimates of gene flow cross species haplotype groups (Fig. 3),
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and help explain the mismatched individuals in TZ08 and TV09 at Mt. Orizaba. In
addition, the extent of penetration of the mtDNA maculatus haplotype group extends past
the morphological transition centers in each transect (Fig. 2, morphological transition
center between TZ06 and TZ07, and Transvolcanic between TV03 and TV04, unpublished
data).

Nuclear genetic analyses

The AFLP assay run on all 460 individuals renders 561 total polymorphic loci across 12
primer combinations. Blind reruns demonstrated a high degree of reproducibility (1.4 %
mismatch, 16 individuals). Only three of the 561 total polymorphic loci exhibit fixed

Table 2 Migrate-n parameters estimated for population scheme 2

2.50 % Mode Median 97.50 %

Parameter

h A 0.0002 0.0026 0.0027 0.0050

h B 0.0000 0.0022 0.0024 0.0045

h C 0.0000 0.0016 0.0018 0.0040

h D 0.0025 0.0061 0.0067 0.0121

h E 0.0000 0.0012 0.0015 0.0035

Migration

B ? A 0.0000 0.3000 71.0000 332.7000

C ? A 0.0000 0.3000 69.0000 306.7000

D ? A 0.0000 0.3000 266.3000 882.0000

E ? A 0.0000 0.3000 76.3000 358.7000

A ? B 0.0000 17.7000 193.7000 722.0000

C ? B 0.0000 0.3000 105.7000 489.3000

D ? B 0.0000 0.3000 226.3000 803.3000

E ? B 0.0000 0.3000 102.3000 507.3000

A ? C 0.0000 0.3000 133.7000 644.7000

B ? C 0.0000 0.3000 173.7000 715.3000

D ? C 0.0000 0.3000 139.7000 653.3000

E ? C 0.0000 0.3000 155.0000 700.7000

A ? D 474.7000 980.3000 872.3000 1000.0000

B ? D 0.0000 70.3000 130.3000 414.0000

C ? D 0.0000 0.3000 53.0000 240.0000

E ? D 0.0000 0.3000 61.7000 273.3000

A ? E 0.0000 0.3000 271.0000 855.3000

B ? E 0.0000 0.3000 267.0000 856.7000

C ? E 0.0000 0.3000 239.7000 832.0000

D ? E 0.0000 0.3000 270.3000 861.3000

Due to the haploidy and heritance mode of mtDNA, h (theta) represents 2Nfl (the effective population size
for females multiplied by two times the mutation rate per site per generation). A (TZ01–TZ05, northern
Teziutlán gradient); B (TZ06–TZ09 southern Teziutlán gradient); C (TV01–TV02 western Transvolcanic
ocai); D (TV03–TV09 central and eastern Transvolcanic gradient); E (TV10 Oaxaca maculatus). Arrows
denote the inferred direction of migration between the lettered populations
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differences among pairs of parental populations in either transect; none are fixed in both
transects. Locus-specific FST across all populations varies from -0.02 to 0.85
(0.18 ± 0.25, mean ± SD). Locus-specific FST estimates comparing only ocai v. macul-
atus parental populations are correlated across transects (Pearson’s correlation coeffi-
cient = 0.52 p = 0.001, comparisons involve TV01 & TV02 vs. TV09 & TV10 and TZ01
& TZ02 vs. TZ08 & TZ09).

Pairwise population comparisons of FST derived globally from all AFLP loci vary from
0.01 to 0.18 (0.07 ± 0.03, mean ± SD). The extent of genetic differentiation between
western and eastern P. ocai populations is particularly great (average pairwise FST among
distant parental P. ocai populations = 0.099, TV01/TV02 vs. TZ08/TZ09) while the
geographically separate P. maculatus populations exhibit slightly lower levels of differ-
entiation (average pairwise FST among distant parental P. maculatus populations = 0.074,
TZ01/TZ02 vs. TV09/TV10). For contrast, average pairwise differentiation among the
separate species populations was FST = 0.12. The Mt. Orizaba conspecific population
samples from 1981 and 2009 show no significant differentiation between time points for
either species (FST 95 % confidence intervals for Mt. Orizaba comparisons are: P. mac-
ulatus, -0.0163 \ FST \ 0.0010; P. ocai, -0.0131 \ FST \ 0.0029; AFLP-surv, Bayes-
ian estimation of allele frequencies, 10,000 iterations for significance test, TZ08: N for
1981 = 16, 2009 = 31 and TV09: N for 1981 = 14, 2009 = 30). The temporal samples
are therefore pooled into single P. maculatus Mt. Orizaba and P. ocai Mt. Orizaba locality
samples for the purposes of further analyses.

Three qualitatively distinct types of differentiation are evident in the K = 3 through
K = 7 structure analyses (Figs. 4, 5). These include marked divergence between species
across each hybrid transect, differentiation among geographically disparate within-species
populations, and local differentiation within each of the hybrid gradients. In the simplest
model (K = 3), species-level differentiation between P. maculatus and P. ocai is evident,
as well as population-level differentiation between eastern and western P. ocai forms
(Figs. 4, 5). As the models move from simple to more complex (K = 4 through K = 7),
population differentiation between northern and southern P. maculatus appears, as does
gradient-specific differentiation of hybrid populations within each transect (Figs. 4, 5). All
population lineage signatures span the full spatial domain of both hybrid gradients,
although relative proportions vary greatly. The delta K values from the Evanno method
reveal the largest rate of change in likelihood at K = 3, but also a smaller peak in like-
lihood rate of change at K = 7 (Table 3). Within the sympatric localities (Mt. Orizaba and
Oaxaca) no obvious F1-like individuals are present, although admixture is more prevalent
in Oaxaca (TZ09 and TV10) than at Mt. Orizaba (TZ08 and TV09; Figs. 4, 5).

Habitat connectivity analyses

From the Circuitscape habitat connectivity analysis, a high current signature along the high
elevation pine/oak habitat suggests dispersal between populations may be funneled into
narrow corridors constrained by habitat (Fig. 6). This result was robust over a wide range
of ratios in conductance values assigned to preferred and matrix habitat types (Supporting
Table 5). The resistance distances between populations inferred along the habitat corridors
significantly correlate with pairwise measures of population differentiation (FST) inferred
from the genomic AFLP data for all comparisons (Mantel test r = 0.32, p value = 0.03,
Fig. 7). The correlation between the resistance distances and population differentiation
measures is greater than geographic distance alone compared to population differentiation
(Mantel test r = 0.24, p value = 0.03). Despite the significant relationship, including the
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Fig. 4 Structure results showing percentage of ancestry for each individual across both hybrid transects for
all K levels from 3 to 7. Each color represents a population signature (number of different colors per
panel = K). Colors listed by sampling locations in which the corresponding signature appears at the greatest
proportion: dark green parental maculatus; dark blue parental ocai (southern); light blue parental ocai
(western); light green northern maculatus; beige TV hybrids; grey TZ hybrids; dark brown southeastern
hybrids (both transects) and Oaxaca populations (both species)
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sympatric parental populations at Mt. Orizaba and Oaxaca undoubtedly obscures the
correlation to some degree because those populations necessarily have high FST and low
resistance distance.

When all comparisons involving parental populations are removed (leaving only
comparisons among hybrid populations), the correlation between resistance distances and
FST improves (Mantel test r = 0.57, p value = 0.0017). The southern P. ocai populations

Fig. 5 Estimates of percent ancestry pooled by sampling location for both K = 3 and K = 7. Each color
represents a population signature. Colors listed by sampling locations in which the corresponding signature
appears at the greatest proportion: dark green parental maculatus; dark blue parental ocai (southern); light
blue parental ocai (western); light green northern maculatus; beige TV hybrids; grey TZ hybrids; dark
brown southeastern hybrids (both transects) and Oaxaca populations (both species)

Table 3 Evanno method using delta K (rate of change in likelihood among models) to differentiate among
number of populations inferred from structure analysis

K Reps Mean LnP(K) Stdev LnP(K) Ln0(K) Ln00ðKÞj j Delta K

2 10 -79,490.60 346.13 NA NA NA

3 10 -77,460.87 13.93 2,029.73 985.31 70.713

4 10 -76,416.45 140.66 1,044.42 152.16 1.082

5 10 -75,524.19 222.55 892.26 291.02 1.308

6 10 -74,922.95 291.14 601.24 68.46 0.235

7 10 -74,390.17 40.85 532.78 493.41 12.079

8 10 -74,350.80 127.66 39.37 322.80 2.529

9 10 -73,988.63 242.84 362.17 83.40 0.343

10 10 -73,709.86 296.88 278.77 1,431.35 4.821

11 10 -74,862.44 3,802.28 -1,152.58 734.15 0.193

12 10 -76,749.17 9,780.71 -1,886.73 NA NA

The two K values demonstrating peaks in delta K are bolded (K = 3 and K = 7)
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(TZ08 and TZ 09) reveal an over-representation of high FST values whereas the western P.
ocai parental type (TV01) shows an over-representation of low FST values (Supporting
Figure 2). The northernmost population (TZ01) exhibits high overall resistance distance
values despite a large range of FST values. This northernmost population (TZ01) is remote
but not completely isolated, as the resistance values in relation to the other populations are
not infinite (with concomitantly low but non-zero current values, Supporting Figure 2).

Fig. 6 Cumulative current map depicting habitat corridors among sampling sites across the Teziutlán and
Transvolcanic gradients
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The mean inter-site resistance distance is slightly greater across the Transvolcanic belt
(10.23 ± 3.19 ohms, mean [± SD]), but the variance among resistance distances is greater
across the Teziutlán gradient (9.89 ± 3.75 X, mean [±SD]); this increased among-site
variance in the Teziutlán gradient is also reflected in the genetic differentiation values (FST

TV 0.058 ± 0.026, FST TZ 0.068 ± 0.045, mean [±SD]).

Discussion

Genetic differentiation in the face of hybridization

Rather than taking a locus-by-locus view of differentiation and gene flow as in earlier
studies (Kingston 2012; Kingston et al. 2012), here we use the power of a multi-locus
genomic overview. The simplest structure model (K = 3) identifies strong differentiation
in the AFLP data between the two species and significant population structure between
eastern and western P. ocai parentals (Figs. 4, 5). More complicated models (e.g. K = 7)
uncover additional population structure between geographically disparate P. maculatus
parentals in the north and south. This pattern suggests the strongest signal of population
differentiation is the first to appear beyond the P. ocai–P. maculatus divergence: the
population differentiation between the geographically separated P. ocai (exhibited in
K = 3). The strength of divergence between western and eastern P. ocai is also indicated
by the pairwise population FST values.

Structure models where K = 6 and K = 7 suggest local hybrid population differenti-
ation within each gradient (Figs. 4, 5). Unique population signals within a hybrid zone,
often marked by private alleles in hybrid populations, have been observed across many
taxa (Barton et al. 1983; Woodruff and Gould 1987; Guiller et al. 1996; Yuri et al. 2009).
Our data accord with two tenets: (1) hybrid zones promote gene flow and (2) hybridization
can generate novel genetic diversity by exposing alleles to novel genomic backgrounds

Fig. 7 Circuitscape resistance distance (X-axis) plotted against pairwise population FST derived from all
AFLP loci (Y-axis); pairwise comparisons involving the parental populations (TZ01, TZ02, TZ08, TZ09,
TV01, TV02, TV09, and TV10), some of which are sympatric account for nearly all the variation on the
upper spectra of each axis (grey shaded points). Mantel test using all comparisons, r = 0.32,
p value = 0.03; Mantel test with parental populations removed, r = 0.57, p value = 0.0017
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(Barton and Hewitt 1989). Remarkably, some of the differentiation of Oaxaca’s maculatus
and ocai populations seems to be shared as exhibited by the dark brown population
signature (Fig. 4, Fig. 5, K = 7). Some components of this shared signal might represent
independent adaptation to the local environment, but the majority probably represent low-
level introgression between these populations, which are both isolated and partially dif-
ferentiated from the species’ main range.

The mitochondrial locus reveals divergence between the two species, differentiation of
geographically separated parental populations within each species, and asymmetrical gene
flow into the hybrid gradients (Fig. 2; Table 2). These patterns are generally concordant
with the nuclear AFLP results. Although initially it may seem incongruent that the
mitochondrial coalescent analysis infers a 5-population while the structure analysis on
nuclear AFLP variation infers 3 or 7 clusters, it is important to note that the coalescent
analysis is based on a single locus rather than the signal from many AFLP loci detected by
structure. This general concordance is notable because mitochondrial analyses alone can
be misleading, especially in the context of hybridization (Jacobsen and Omland 2011).

Gene flow and introgression

Although several strong signatures of differentiation are apparent, no ‘pure’ parental
population exists, suggesting introgression across the hybrid gradients (each parental
sampling location demonstrates at least some presence of all inferred population signa-
tures, Fig. 5). Alternatively, a low incidence of ‘foreign’ alleles in parental populations is
often attributed to shared ancestral polymorphism rather than introgression. However,
given the composition of the Mt. Orizaba and Oaxaca populations, and the geographic
pattern of transition (Fig. 5), shared ancestral polymorphism alone probably does not
explain the mixed population signatures we observe. Both species’ Oaxaca populations
show a unique admixture signal, although the more complicated structure models suggest
this arises from population differentiation, manifested in the dark brown population sig-
nature (Figs. 4, 5). The sympatric populations of P. maculatus and P. ocai live and mate in
heavily overlapping habitat, but most introgression of alleles from the opposite species
appears to come through the hybrid gradients rather than from frequent F1 hybrids at these
sympatric sites. To see this, note that while Fig. 4 demonstrates admixed individuals in
both the sympatric populations at Mt. Orizaba and Oaxaca, a strong F1 type signature
across individuals is absent. Likely, the main source of hybrid introgression in the
southeast is the Teziutlán gradient, or at least the swarm of admixture that surrounds the
central Teziutlán gradient and the Transvolcanic intersection (Fig. 5) rather than sympatric
F1 hybridization events (Fig. 4).

The pattern of gene flow through the gradients’ intersection coincides with a ‘hotspot’
of lower resistance distance values (and concomitant habitat-mediated dispersal corridors)
where the transects meet (Fig. 6). Coalescent analysis indicates asymmetrical mtDNA gene
flow into the hybrid gradients in this region. Moreover, h (theta) estimated from the
mtDNA data for the intersection/‘hotspot’ region suggests greater effective population size
for the area, perhaps mediated by the greater potential for dispersal in the region.

The Oaxaca populations are separated from both transects by distance and the Rio Santo
Domingo valley (the river valley cuts through the mountains in Oaxaca running east to the
Gulf of Mexico). Differentiation of these Oaxaca populations demonstrated by both AFLP
and mtDNA data suggests the lower elevation habitat may offer some resistance to gene
flow, but has not led to complete genetic isolation (Fig. 5). Sibley and Sibley (1964)
postulate that the populations in Oaxaca are somewhat isolated but may be connected to
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the Teziutlán gradient via juvenile dispersal; our inferred habitat corridors are consistent
with their hypothesis.

Data from both hybrid transects suggests low levels of long distance introgression
occurring together with local differentiation in both hybrid populations and geographically
disparate parental populations. In this way, the genetic signatures in the Teziutlán and
Transvolcanic gradients reflect the uniqueness of the contributing parental types along with
the influence of topographic and habitat characteristics. The interplay between local dif-
ferentiation and complex spatial setting is sure to be important in the dynamics of the two-
sided coin of divergence and gene flow in this system. This interplay is particularly
pertinent as the system has likely gone through cycles of secondary contact. Long-term
gene flow has altered the maintenance of reproductive isolation and consequently the
evolutionary trajectory of both species.

Habitat corridors and genetic differentiation

Habitat-mediated dispersal can either augment or impede gene flow in hybrid zones. The
Teziutlán and Transvolcanic hybrid gradients connect near Mt. Orizaba, and show higher
conductance areas where the two transects meet. Although the Teziutlán habitat may
demonstrate greater linear conductance, the corridor is narrow. The Transvolcanic habitat
may offer a greater variety of dispersal pathways, but some feature higher resistance values
(Fig. 6). Between-transect differences in resistance distance (both mean and variation)
reflect these inherent differences in corridor structure.

Between-transect differences in corridor characteristics may influence both the differ-
entiation among geographically separated within-species populations and the local, within-
transect differentiation observed in the genomic signal. Geography and climate play a
similar role in driving the genomic architecture of a spruce hybrid zone in coastal British
Columbia (Hamilton et al. 2013). The influence of these environmental forces can con-
tribute to observed clinal patterns (Kingston et al. 2012) often attributed solely to tension
zone dynamics.

Several studies have used resistance distances to explore isolation by distance and
ecological speciation, but this study is the first to implement the approach in a hybrid zone
with replicated transects (Smit et al. 2007; Shah and McRae 2008; Andrew et al. 2012).
Although the relationship between resistance distance and genetic differentiation is sta-
tistically significant, this isolation by resistance distance signature cannot account for all of
the observed variation because of the sympatry of parental types near Mt. Orizaba and in
Oaxaca. However, many of the large resistance distance and FST values are accounted for
by comparisons involving disparate parental types and the resistance distance—FST cor-
relation improves markedly when we remove parental comparisons from the analysis
(Fig. 7). This improvement reflects the removal of the confounding effect of the southern
sites at Mt. Orizaba and Oaxaca exhibiting sympatric populations of maculatus and ocai
(greater genetic distance and little resistance or geographic distance).

Although the resistance distance analysis is essentially a habitat-specific isolation by
distance (IBD) analysis, the improvement over measuring IBD alone is noteworthy.
Especially in constrained or patchy habitat, dispersal mitigated by habitat corridors can be
a crucial component in contact-zone dynamics. Sibley and Sibley (1964) postulated a fairly
complicated connectivity system between the Transvolcanic gradient and the Teziutlán
gradient running among the populations just west of TV08 to the ridge running near Mt.
Orizaba and south toward Oaxaca. Although their hypothesis was based on morphometrics,
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plumage characters, and specific geographic observations, it still appears feasible based on
the habitat corridors and genetic distance values measured here.

Investigating the relationship between habitat corridors (via resistance distance) and
gene flow among populations not only reveals the patterns driven by geographic isolation
and fragmentation, but also facilitates inference of inter-site differences distinct from a
general IBD pattern. Relating dispersal along habitat corridors to the role of gene flow in
the breakdown or maintenance of reproductive isolation post-secondary contact helps
unravel the complex array of factors at play in a hybrid zone.

Implications

Researchers often use of the interaction of differentiated genetic backgrounds found hybrid
zones to search for genes contributing to reproductive isolation; more recently, researchers
have also emphasized importance of sex chromosomes in reproductive isolation (Harr
2006; Macholán et al. 2007; Carling and Brumfield 2008; Teeter et al. 2008; Dufkova et al.
2011). Even in conjunction with endogenous selection, environmental factors can be
important in hybrid contexts, especially in relation to habitat patchiness and local differ-
entiation (Panova et al. 2006; Carson et al. 2012). In the towhee hybrid zone, highly
backcrossed and locally panmictic hybrid ‘swarm’ populations clearly persist. However,
the identities of the parental species have been maintained despite hundreds or thousands
of generations of gene flow. This resultant pattern of observed differentiation in the face of
introgression likely reflects the net effect of genes important to reproductive isolation in
conjunction with variation in migration-drift balance mitigated by habitat-mediated
dispersal.

It is evolutionarily relevant that the habitat differences between the two transects
influence the nature and force of gene flow. The two transect comparison reveals that,
while narrow high-conductance corridors effectively maintain gene flow, an increased
number of pathways for migration may also promote gene flow among sites, even if they
each feature slightly higher resistance. Although these populations seem to have been
stable for a century or longer (Sibley and Sibley 1964), habitat fragmentation or restriction
due to climatic change could alter the differentiation-introgression balance currently
observed. To predict the effects of habitat restriction or expansion due to factors like
climate change or anthropogenic land use change, researchers could use the resistance
distance methodology and empirical differentiation levels in a model framework (Garro-
way et al. 2011). Utilizing complex systems like these towhees that have potentially
experienced cyclical contact through climate cycles can help us assess potential effects of
future climate change on genetic diversity and the evolutionary role of hybridization
throughout the process (Pauls et al. 2013).

To tease apart the dynamics of a spatially complicated system, researchers must
appropriately account for neutral demographic processes like IBD before evaluating
adaptive forces (Andrew et al. 2012). Our resistance distance analyses reveal the instances
in which genetic differentiation is acting in accordance with drift-migration equilibrium
and site-specific instances in which other factors must be in effect (e.g. the southern
populations at Mt. Orizaba and Oaxaca which demonstrate isolation by resistance distance
patterns differing from the general trend). The replicate transect analysis is especially
advantageous because it helps tease apart confounding factors by revealing increased
genetic heterogeneity in association with increased among-site heterogeneity in connec-
tivity. Because we see retention of identity for both parental species in both transects, there
must be a group of loci maintaining phenotypic identity despite observed gene flow. In
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addition to the retention of ancestral divergence, additional divergence both within the
hybrid zones and among geographically distant parental types demonstrates the continued
influence of local factors increasing differentiation.
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for their invaluable guidance, leadership, and assistance in the field across the Transvolcanic Belt in Mexico.
We thank David Braun, Stephen Braun, Nicholas Lanson, Nimrod Funk, and George Oliver for their able
assistance in the field in the Teziutlán gradient. Thanks to Darrilyn Albright for labwork assistance. We
thank our funding sources for this project: Smithsonian Research Endowment Fund, University of Maryland
Program in Behavior, Ecology, Evolution, and Systematics, Smithsonian Ornithology, and the Department
of Vertebrate Zoology, National Museum of Natural History (NMNH). S. Kingston received research
assistantships from the NMNH Frontiers in Phylogenetics Program and NSF grants DEB0228675 and
DEB0733029.

References

Andrew RL, Ostevik KL, Ebert DP, Riesberg LH (2012) Adaptation with gene flow across the landscape in a
dune sunflower. Mol Ecol 21:2078–2091

Arnold ML (1997) Natural hybridization and evolution. Oxford University Press, Oxford
Arnold ML (2006) Evolution through genetic exchange. Oxford University Press, Oxford
Balkenhol N, Gugerli F, Cushman SA, Waits LP, Coulon A, Arntzen JW et al (2009) Identifying future

research needs in landscape genetics: where to from here? Landsc Ecol 24:455–463
Barton NH, Hewitt GM (1989) Adaptation, speciation and hybrid zones. Nature 341:497–503
Barton NH, Halliday RB, Hewitt GM (1983) Rare electrophoretic variants in a hybrid zone. Heredity

50:139–149
Beerli P (2006) Comparison of Bayesian and maximum-likelihood inference of population genetic

parameters. Bioinformatics 22:341–345
Beerli P, Palczewski M (2010) Unified framework to evaluate panmixia and migration direction among

multiple sampling locations. Genetics 185:313–326
Braun MJ (1983) Molecular versus morphological and behavioral differentiation across contact zones

between closely related avian species[Thesis]. PhD, Louisiana State University Medical Center, New
Orleans, LA

Brumfield RT, Jernigan RW, McDonald DB, Braun MJ (2001) Evolutionary implications of divergent clines
in an avian (Manacus: Aves) hybrid zone. Evolution 55:2070–2087

Carling MD, Brumfield RT (2008) Haldane’s rule in an avian system: using cline theory and divergence
population genetics to test for differential introgression of mitochondrial, autosomal, and sex-linked
loci across the Passerina bunting hybrid zone. Evolution 62:2600–2615

Carson EW, Tobler M, Minckley WL, Ainsworth RJ, Dowling TE (2012) Relationships between spatio-
temporal environmental and genetic variation reveal an important influence of exogenous selection in a
pupfish hybrid zone. Mol Ecol 21:1209–1222

Cicero C, Johnson NK (2007) Narrow contact of desert Sage Sparrows (Amphispiza belli nevadensis and A.
b. canescens) in Owens Valley, eastern California: evidence from mitochondrial DNA, morphology,
and GIS-based nice models. Ornithol Monogr 63:78–95

Corres-Metrio A, Lozano-Garcia S, Pez SX-L, Jera SS-N, Metcalfe SE (2012) Vegetation in western Central
Mexico during the last 50 000 years: modern analogs and climate in the Zacapu Basin. J Quat Sci
27:509–518

DaCosta JM, Spellman GM, Escalante P, Klicka J (2009) A molecular systematic revision of two histori-
cally problematic songbird clades: Aimophila and Pipilo. J Avian Biol 40:206–216

Danley PD, Markert JA, Arnegard ME, Kocher TD (2000) Divergence with gene flow in the rock-dwelling
cichlids of Lake Malawi. Evolution 54:1725–1737

Dufkova P, Macholan M, Pialek J (2011) Inference of selection and stochastic effects in the house mouse
hybrid zone. Evolution 65:993–1010

Earl DA, vonHoldt BM (2011) STRUCTURE HARVESTER: a website and program for visualizing
STRUCTURE output and implementing the Evanno method. Conserv Genet Resour. doi:10.1007/
s12686-011-9548-7

Evol Ecol (2014) 28:277–297 295

123

http://dx.doi.org/10.1007/s12686-011-9548-7
http://dx.doi.org/10.1007/s12686-011-9548-7
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