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Abstract The Bell’s Vireo (Vireo bellii) is a widespread
North American species of bird that has declined since the
mid-1960s primarily due to habitat modification.
Throughout its range, Bell’s Vireo populations are regu-
lated under varying degrees of protection; however, the
species has never been characterized genetically. There-
fore, the current taxonomy used to guide management
decisions may misrepresent the true evolutionary history
for the species. We sequenced 86 individuals for ND2 and
genotyped 48 individuals for genome-wide SNPs to iden-
tify distinct lineages within Bell’s Vireo. Phylogenetic
analyses uncovered two distinct clades that are separated in
the arid southwestern United States, near the border of the
Chihuahuan and Sonoran Deserts. These clades diverged
from each other approximately 1.11-2.04 mya. The timing
of diversification, geographic location, and niche modeling
of the east/west divergence suggest vicariance as a mode of
diversification for these two lineages. Analyses of the SNP
dataset provided additional resolution and indicated the
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Least Bell’s Vireo populations are a distinct evolutionary
lineage. Our genetic evidence, together with information
from morphology and behavior, suggests that the Bell’s
Vireo complex involves two species, each containing two
separate subspecies. This new information has implications
for the federal, state and other listing status of Bell’s Vireo
throughout its range.
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Introduction

Bell’s Vireo (Vireo bellii) is a species of conservation
concern throughout its U.S. range. An inhabitant of some
of North America’s most threatened habitat types, includ-
ing riparian and grassland-shrub habitats, Bell’s Vireo has
declined at a rate of approximately 2.7 % per year since the
mid-1960s (Sauer et al. 2008). Habitat modification asso-
ciated with agriculture, grazing, urbanization, flood man-
agement and wildfire has destroyed, degraded and
fragmented vireo breeding habitat, while brood parasitism
by the Brown-headed Cowbird (Molothrus ater) has
exacerbated population declines triggered by habitat loss
(Kus et al. 2010). In California, precipitous declines of V.
b. pusillus (Least Bell’s Vireo) during the latter part of the
twentieth century prompted the listing of this subspecies as
state and federally endangered (Franzreb 1989; Goldwasser
et al. 1980). V. b. arizonae is state endangered in California
and state threatened in New Mexico, V. b. medius is state
threatened in New Mexico, and V. b. bellii is state threat-
ened in Minnesota. In the rest of the U.S., Bell’s Vireo is
identified as a high priority conservation target by the
Audubon Society’s “Red Watchlist” of species of highest
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national concern, and by Partners in Flight U.S. as a “Bird
of Conservation Concern” in 14 Bird Conservation
Regions. Thus, a variety of federal and state laws, as well
as non-governmental programs, guide the conservation of
Bell’s Vireo throughout its range.

Current taxonomy of Bell’s Vireo recognizes four sub-
species distributed from central and southwestern U.S. to
northern Mexico (Fig. 1), but these subspecies designations
are based solely upon qualitative morphological differ-
ences in plumage coloration and tail length described in the
late 1800s and early 1900s (Ridgway 1904). Although

Fig. 1 Sampling locations for
Bell’s Vireo and median-joining
network for ND2 for 86 Bell’s
Vireo individuals. Shaded area
indicates breeding distribution.
Mutational steps between
sampled haplotypes are
indicated with grey circles. The
branch connecting the eastern
and western clades (broken
branch) represents 27
mutational steps. Circle size is
proportional to the number of
individuals sharing that
haplotype with the largest
western haplotype representing
21 individuals and the largest
eastern haplotype representing 9
individuals. The starred locality
indicates the western individual

other species of vireo have been studied genetically
(Zwartjes 1999, 2001, 2003), no previous genetic studies
have focused on the Bell’s Vireo, despite its conservation
significance. Species or subspecies delimited solely on the
basis of non-genetic data can mislead conservation efforts
by misrepresenting the underlying intraspecific variation
and evolutionary history (Zink 2004). The advent of
modern molecular genetic techniques makes it possible to
re-assess the intraspecific classification of Bell’s Vireo and
evaluate concordance between phylogenetic patterns of
genetic variation and the existing morphologically based
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Table 1 Specimens are grouped by current taxonomy and then alphabetized by institution
Current Proposed Museum  Tissue Locality Latitude  Longitude Fig. 3 Group
Taxonomy Taxonomy
V. bellii bellii V. bellii bellii ANSP 17777 USA: MO, Nodaway Co. 40.34770  —94.87196 28 A
V. bellii bellii V. bellii bellii KU 89925 USA: MO, Holt Co. 40.1 —95.05 20 A
V. bellii bellii V. bellii bellii KU 89926 USA: MO, Holt Co. 40.1 —95.05 20 A
V. bellii bellii V. bellii bellii MVZ 178222 USA: OK, Sequoyah Co. 35.4262 —94.88121 24 C
V. bellii bellii V. bellii bellii SDSU 2925 USA: MO, Callaway Co., Reform 38.75568  —91.78078 33 B
V. bellii bellii V. bellii bellii SDSU 2926 USA: MO, Callaway Co., Reform 38.75568  —91.78078 29 B
V. bellii bellii V. bellii bellii SDSU 2927 USA: MO, Cooper Co., Overton 38.92480 —92.52166 21 B
Bottoms
V. bellii bellii V. bellii bellii SDSU 2928 USA: MO, Callaway Co., Reform 38.75568  —91.78078 29 B
V. bellii bellii V. bellii bellii SDSU 2929 USA: MO, Cooper Co., Overton 38.92480 —92.52166 36 B
Bottoms
V. bellii bellii V. bellii bellii SDSU 2930 USA: MO, Cooper Co., Overton 38.92480 —92.52166 23 B
Bottoms
V. bellii bellii V. bellii bellii SDSU 2931 USA: MO, Cooper Co., Overton 38.92480 —92.52166 29 B
Bottoms
V. bellii bellii V. bellii bellii SDSU 2932 USA: MO, Callaway Co., Reform 38.75568  —91.78078 20 B
V. bellii bellii V. bellii bellii SDSU 2933 USA: MO, Cooper Co., Overton 38.92480 —92.52166 30 B
Bottoms
V. bellii bellii V. bellii bellii SDSU 2934 USA: MO, Boone Co., Davisdale 39.01562  —92.62389 NA B
V. bellii bellii V. bellii bellii SDSU 2935 USA: MO, Callaway Co., Whetstone 38.87036  —91.73503 34 B
Creek
V. bellii bellii V. bellii bellii SDSU 2936 USA: MO, Callaway Co., Whetstone 38.87036 —91.73503 32 B
Creek
V. bellii bellii V. bellii bellii SDSU 2937 USA: MO, Callaway Co., Whetstone 38.87036  —91.73503 20 B
Creek
V. bellii bellii V. bellii bellii SDSU 2938 USA: MO, Callaway Co., Whetstone 38.87036  —91.73503 20 B
Creek
V. bellii bellii V. bellii bellii SDSU 2939 USA: MO, Callaway Co., Whetstone 38.87036  —91.73503 20 B
Creek
V. bellii bellii V. bellii bellii SDSU 2940 USA: MO, Callaway Co., Whetstone 38.87036  —91.73503 25 B
Creek
V. bellii bellii V. bellii bellii SDSU 2941 USA: MO, Callaway Co., Whetstone 38.87036  —91.73503 20 B
Creek
V. bellii bellii V. bellii bellii UCLA 06N30370 USA: OK, Wagoner Co. 35.89166  —95.3111 27 C
V. bellii bellii V. bellii bellii UCLA 06N30377 USA: OK, Wagoner Co. 35.89166  —95.3111 22 C
V. bellii bellii V. bellii bellii UCLA 08N21510 USA: OK, Wagoner Co. 35.89166  —95.3111 26 C
V. bellii V. bellii medius LSU 30896 USA: TX, Webb Co. 27.87777  —99.88527 19 D
medius
V. bellii V. bellii medius LSU 43284 USA: TX, Webb Co. 27.87777  —99.88527 40 D
medius
V. bellii V. bellii medius LSU 47300 USA: TX, Jeff Davis Co. 30.63372 —104.6851 16 E
medius
V. bellii V. bellii medius LSU 47301 USA: TX, Jeff Davis Co. 30.63372 —104.6851 39 E
medius
V. bellii V. bellii medius LSU 51626 USA: TX, Presidio Co. 30.57966 —104.6782 35 E
medius
V. bellii V. bellii medius LSU 56752 USA: TX, Presidio Co. 30.57966 —104.6782 39 E
medius
V. bellii V. bellii medius LSU 64277 USA: TX, Jeff Davis Co. 30.63372 —104.6851 39 E
medius
V. bellii V. bellii medius LSU 64279 USA: TX, Jeff Davis Co. 30.63372 —104.6851 39 E
medius
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Table 1 continued

Current Proposed Museum  Tissue Locality Latitude  Longitude Fig. 3 Group

Taxonomy Taxonomy

V. bellii V. bellii medius LSU 64548 USA: TX, Jeff Davis Co. 30.63372 —104.6851 18 E
medius

V. bellii V. bellii medius LSU 64549 USA: TX, Jeff Davis Co. 30.63372 —104.6851 39 E
medius

V. bellii V. bellii medius SDSU 2912 USA: TX, Brewster Co. 30.00358 —103.5577 17 E
medius

V. bellii V. bellii medius SDSU 2913 USA: TX, Brewster Co. 29.98336 —103.5437 30 E
medius

V. bellii V. bellii medius SDSU 2914 USA: TX, Brewster Co. 30.02398 —103.5629 20 E
medius

V. bellii V. bellii medius SDSU 2915 USA: TX, Brewster Co. 30.0453  —103.5685 39 E
medius

V. bellii V. bellii medius SDSU 2916 USA: TX, Brewster Co. 30.04823 —103.5705 31 E
medius

V. bellii V. bellii medius UCLA 06N13115 USA: TX, Collin Co. 33.16027 —96.61944 38 C
medius

V. bellii V. pusillus MBM* 13821 USA: NV, Clark Co. 36.07956 —115.0940 37 H
arizonae arizonae

V. bellii V. pusillus MVZ 171847 USA: NV, Lincoln Co. 37.32294 —114.535 7 H
arizonae arizonae

V. bellii V. pusillus SDSU 2881 USA: AZ, Mojave Co., Bill Williams  34.26801 —114.0657 4 J
arizonae arizonae NWR

V. bellii V. pusillus SDSU 2882 USA: AZ, Mojave Co., Bill Williams  34.26801 —114.0657 7 J
arizonae arizonae NWR

V. bellii V. pusillus SDSU 2883 USA: AZ, Mojave Co., Bill Williams  34.26801 —114.0657 14 J
arizonae arizonae NWR

V. bellii V. pusillus SDSU 2884 USA: AZ, Mojave Co., Bill Williams  34.26801 —114.0657 15 J
arizonae arizonae NWR

V. bellii V. pusillus SDSU 2885 USA: AZ, Mojave Co., Bill Williams  34.26801 —114.0657 7 J
arizonae arizonae NWR

V. bellii V. pusillus SDSU 2886 USA: AZ, Mojave Co., Bill Williams  34.26801 —114.0657 14 J
arizonae arizonae NWR

V. bellii V. pusillus SDSU 2887 USA: AZ, Mojave Co., Bill Williams  34.26801 —114.0657 7 J
arizonae arizonae NWR

V. bellii V. pusillus SDSU 2888 USA: AZ, Mojave Co., Bill Williams  34.26801 —114.0657 7 J
arizonae arizonae NWR

V. bellii V. pusillus SDSU 2889 USA: AZ, La Paz Co., Cibola NWR 33.36583 —114.6786 7 J
arizonae arizonae

V. bellii V. pusillus SDSU 2890 USA: AZ, Mohave Co., Havasu NWR  34.69024 —114.4403 7 J
arizonae arizonae

V. bellii V. pusillus SDSU 2892 USA: AZ, Mohave Co., Havasu NWR  34.69024 —114.4403 1 J
arizonae arizonae

V. bellii V. pusillus SDSU 2893 USA: AZ, Mohave Co., Havasu NWR  34.69024 —114.4403 7 J
arizonae arizonae

V. bellii V. pusillus SDSU 2894 USA: AZ, Mohave Co., Havasu NWR 34.69024 —114.4403 7 J
arizonae arizonae

V. bellii V. pusillus SDSU 2903 USA: AZ, Pima Co. 32.325 —110.7022 11 G
arizonae arizonae

V. bellii V. pusillus SDSU 2904 USA: AZ, Pima Co. 32.32473 —110.7038 14 G
arizonae arizonae

V. bellii V. pusillus SDSU 2905 USA: AZ, Pima Co. 32.33775 —110.6913 7 G
arizonae arizonae

V. bellii V. pusillus SDSU 2906 USA: AZ, Pima Co. 32.29703 —110.6218 7 G
arizonae arizonae
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Table 1 continued

Current Proposed Museum  Tissue Locality Latitude  Longitude Fig. 3 Group

Taxonomy Taxonomy

V. bellii V. pusillus SDSU 2907 USA: AZ, Pima Co. 32.31226  —110.5628 7 G
arizonae arizonae

V. bellii V. pusillus SDSU 2908 USA: AZ, Santa Cruz Co. 31.39533 —111.0899 7 G
arizonae arizonae

V. bellii V. pusillus SDSU 2909 USA: AZ, Santa Cruz Co. 31.39868 —111.0890 8 G
arizonae arizonae

V. bellii V. pusillus SDSU 2910 USA: AZ, Santa Cruz Co. 31.38865 —111.0934 7 G
arizonae arizonae

V. bellii V. pusillus SDSU 2911 USA: AZ, Santa Cruz Co. 31.52756 —110.7115 7 G
arizonae arizonae

V. bellii V. pusillus SDSU 2917 USA: AZ, Graham Co. 32.56286 —109.7972 7 G
arizonae arizonae

V. bellii V. pusillus SDSU 2918 USA: AZ, Graham Co. 32.5624  —109.7941 7 G
arizonae arizonae

V. bellii V. pusillus SDSU 2919 USA: AZ, Graham Co. 32.56843 —109.7609 6 G
arizonae arizonae

V. bellii V. pusillus SDSU 2920 USA: AZ, Graham Co. 32.67881 —109.7741 7 G
arizonae arizonae

V. bellii V. pusillus UCLA 05N7314  USA: AZ, La Paz Co. 33.36583 —114.6786 9 J
arizonae arizonae

V. bellii V. pusillus UCLA 09N15950 USA: AZ, Cochise Co. 31.59055 —109.5088 14 G
arizonae arizonae

V. bellii V. pusillus UWBM 82503 MX: Municipo el Fuerte 26.275 —108.795 12 F
arizonae arizonae

V. bellii V. pusillus UWBM 82612 MX: Municipo el Fuerte 26.275 —108.795 7 F
arizonae arizonae

V. bellii V. pusillus LSU 3912 USA: CA, San Bernardino Co. 35.71288 —116.0532 7 H
pusillus pusillus

V. bellii V. pusillus SDNHM 51813 USA: CA, San Diego Co., Bonita 32.66336 —117.0421 14 1
pusillus pusillus

V. bellii V. pusillus SDSU 2866 USA: CA, San Diego Co., Oceanside 33.24586 —117.2841 2 1
pusillus pusillus

V. bellii V. pusillus SDSU 2877 USA: CA, San Diego Co., Camp 33.26878 —117.3784 3 1
pusillus pusillus Pendelton

V. bellii V. pusillus SDSU 2878 USA: CA, San Diego Co., San Diego  33.23898 —117.3127 2 I
pusillus pusillus River

V. bellii V. pusillus SDSU 2879 USA: CA, San Diego Co., San Diego  33.23898 —117.3127 3 I
pusillus pusillus River

V. bellii V. pusillus SDSU 2880 USA: CA, San Diego Co., San Diego  33.2399 —117.3068 7 I
pusillus pusillus River

V. bellii V. pusillus SDSU 2867 USA: CA, San Diego Co., San Diego  32.83974 —117.007 10 I
pusillus pusillus River

V. bellii V. pusillus SDSU 2868 USA: CA, San Diego Co., San Diego  32.83974 —117.007 3 1
pusillus pusillus River

V. bellii V. pusillus SDSU 2869 USA: CA, San Diego Co., San Diego  32.83974 —117.007 3 1
pusillus pusillus River

V. bellii V. pusillus SDSU 2870 USA: CA, San Diego Co., San Diego  32.83974 —117.007 5 1
pusillus pusillus River

V. bellii V. pusillus SDSU 2872 USA: CA, San Diego Co., Santa 33.23838 —117.3858 3 I
pusillus pusillus Margarita River

V. bellii V. pusillus SDSU 2873 USA: CA, San Diego Co., Santa 33.23838 —117.3858 3 I
pusillus pusillus Margarita River
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Table 1 continued

Current Proposed Museum  Tissue Locality Latitude  Longitude Fig. 3 Group

Taxonomy Taxonomy

V. bellii V. pusillus SDSU 2895 USA: CA, San Diego Co., San Diego  32.83974 —117.007 13 I
pusillus pusillus River

Locality and voucher information for 86 individual samples from across the breeding distribution for Bell’s Vireo. Current and proposed
taxonomy are indicated. Specimen identifications on the ND2 phylogeny are listed in column labeled Fig. 3. Group refers to population

groupings shown in Fig. 1

ANSP The Academy of Natural Sciences of Drexel University, LSU Louisiana State University Museum of Natural Science, KU University of
Kansas Natural History Museum, MBM Marjorie Barrick Museum, University of Nevada, Las Vegas, MVZ Museum of Vertebrate Zoology at
Berkeley, SDNHM San Diego Natural History Museum, SDSU San Diego State University Museum of Biodiversity, UCLA University of
California, Los Angeles, Conservation Genetics Resource Center, UWBM University of Washington Burke Museum, Co. County, NWR National

Wildlife Refuge

# Individual now held at University of Washington Burke Museum

classification. Such a reassessment is desirable in order to
ensure that resources to provide biological and legal
protection to Bell’s Vireo are used as effectively as
possible and in a manner consistent with the best avail-
able scientific information. Therefore, we undertook a
genetic study to characterize the Bell’s Vireo complex
and describe evolutionary relationships within the group.
Our goal was to infer broad scale phylogeographic pat-
terns in the Bell’s Vireo complex using genetic markers
from across the genome. We compared these data to past
and present niche models for the species to provide fur-
ther ecological and historical insight into observed genetic
patterns. These results will inform conservation decisions
for the entire complex and in particular, help evaluate the
taxonomic distinctiveness of the endangered Least Bell’s
Vireo.

Methods

Bell’s Vireo tissue samples were obtained for 86 individ-
uals from throughout the breeding distribution (Table 1;
Fig. 1). Total genomic DNA was extracted with Qiagen
DNeasy extraction kits following the manufacturer’s pro-
tocol. We amplified 1041 base pairs of the mtDNA gene
NADH dehydrogenase subunit 2 (ND2) using primers
L-met 5215 and H-6316 and internal primers H-5766 and
L-5758 (Cadena et al. 2007; Hackett 1996). Amplifications
were completed in 28 pL reactions with the following
conditions: denaturation at 95 °C for 15 min, followed by:
4 cycles of 95 °C for 30 s, 58 °C for 30 s, 72 °C for 60 s, 4
cycles of 95 °C for 30 s, 56 °C for 30 s, 72 °C for 60 s, 4
cycles of 95 °C for 30 s, 54 °C for 30 s, 72 °C for 60 s, 19
cycles of 95 °C for 30 s, 52 °C for 30 s, 72 °C for 60 s. A
7-minute extension at 72 °C followed the cycling, com-
pleted with a 4 °C soak. The PCR products were purified
using ExoSap before being submitted to Macrogen, Inc
(Rockville, MD) for sequencing. Following sequencing,
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the data were imported into Sequencher, vers. 5.0 (Gene
Codes Corporation), and complementary strands were
aligned and read for each individual (GenBank Accession
numbers KM262667-KM262751).

In addition to ND2 sequences, we also obtained single
nucleotide polymorphism (SNP) data for 48 individuals
using the genotyping-by-sequencing (GBS) approach
implemented by the Cornell Institute of Genomic Diver-
sity. GBS is a technique for construction of reduced rep-
resentation libraries for the discovery of SNPs from
throughout the genome using [llumina sequencing (Elshire
et al. 2011). Following the Elshire et al. (2011) protocol,
DNA from each individual (at concentrations between 10
and 100 ng/uL) was digested with a restriction enzyme
(Pstl). After the restriction digest, two barcodes (a sample
specific and a common adapter) were added that bind to the
enzyme’s cut sites. Samples were then pooled, cleaned, and
amplified with PCR to increase fragment concentration.
Samples were then run on a partial lane (48 of 96 samples)
of a 100 bp single-end Illumina Hiseq 2000. Following
sequencing, SNP discovery and genotyping were per-
formed using a network based analysis pipeline, UNEAK
(Universal Network Enabling Analysis Kit), a protocol
developed for species without a reference genome (Lu
et al. 2013). The UNEAK pipeline is designed to overcome
complexities that impede SNP discovery, such as repeats,
paralogs, and sequencing errors. Briefly, sequence reads
were trimmed to 64 bp, and then all identical reads were
pooled to form distinct tags. Pairwise comparisons were
then performed between all distinct tags to identify tag
pairs differing at a single bp position. Tag pair networks
were created connecting a series of tags differing by only a
SNP, similar to a haplotype network. Finally, only recip-
rocal tag pairs are identified as SNPs for further analysis
(Lu et al. 2013). After completion of the UNEAK pipeline,
custom perl scripts written by T. A. White (White et al.
2013) were used to remove reverse complements (Lynch
2009).
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a

Fig. 2 Ecological niche models of Bell’s Vireo a Bell’s Vireo
records used to create the niche model. b Current ecological niche
models for Vireo bellii. The color represents habitat suitability, with
warmer colors indicating greater probability of occurrence. ¢ CCSM

Phylogenetic analyses

ND2 sequences were analyzed using maximum likelihood
(RAXML, Stamatakis et al. 2008) and Bayesian (BEAST
v1.6.2, Drummond and Rambaut 2007) approaches. Phy-
logenies were rooted with close relatives of Bell’s Vireo,
Vireo osburni (GenBank, KM115380) and Vireo modestus
(GenBank, KM115353) (Slager et al. 2014). The best-fit
model of evolution for the separate ND2 codon positions
was determined with jModelTest (Posada 2008) using
Bayesian Information Criterion. A BEAST input file was
then created in BEAUti v1.6.2 (Drummond and Rambaut
2007) with a Markov chain Monte Carlo (MCMC) of
100,000,000 generations sampling every 10,000 genera-
tions. An HKY model of evolution was determined to be
the most appropriate model for all codon positions
according to jModelTest v2.1.6 (Darriba et al. 2012;
Guindon and Gascuel 2003). A preliminary analysis
determined that the data were sufficiently clocklike and
therefore the analysis was run with a strict molecular clock
and a standard substitution rate of 0.0115 (2.3 % diver-
gence my ') (Klicka et al. 2011). Analyses were com-
pleted in duplicate and examined in Tracer v1.5 to ensure
model parameters had converged. TREEANNOTATOR
v1.5.4 (Drummond and Rambaut 2007) was used to gen-
erate a maximum clade credibility tree with a burn-in of

and d MIROC are historical ecological niche models of last glacial
maximum (21,000 years B.P.) for Vireo bellii. All figures have been
plotted to the same color scale, shown in d

1000 samples that could then be visualized with FIGTREE
v1.3.1. RAXML was used to construct a ML tree with a
GTR+G model of sequence evolution imposed for the
separate codons and nodal support was assessed via boot-
strapping, and the best tree was visualized with FIGTREE
v1.3.1. In addition, haplotype networks, using all 86
sequenced ingroup individuals, were constructed to reveal
phylogeographic patterns and relationships among indi-
viduals and populations with the program NETWORK,
version 4.516 (Bandelt et al. 1999). For the SNP dataset,
loci were identified from across the genome, but because
no reference genome was available for mapping potentially
linked loci, SNPs could not be phased. Therefore, the SNPs
for each individual were concatenated and collapsed into a
consensus sequence with heterozygous positions receiving
ambiguity codes. Furthermore, because only variable
information (SNPs) was used for the ML analyses, a cor-
rection for ascertainment bias was required. However, in
some cases SNPs were not considered variable by RAXML
v8.0 (Stamatakis 2014). For example, if a particular SNP
for 5 individuals was A, A, A, M, and R, then all indi-
viduals would be considered identical because “M” and
“R” could both potentially be “A”. As required by
RAXML v8.0, “invariable” sites like these were removed
prior to analysis (Stamatakis 2014). Once these sites were
trimmed and only sites with less than 20 % missing data
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were retained, a filtered dataset of 3241 SNPs remained.
Following filtering for RAXML analysis, an unrooted ML
analysis was constructed with an ascertainment bias cor-
rection, 10,000 rapid bootstraps, and a GTR+G model of
evolution. Furthermore, parsimony analyses were per-
formed in PAUP* 4.0 (Swofford 2003) with the full SNP
dataset (4679 SNPs) with a heuristic search, random
sequence addition, and 1000 bootstraps to evaluate support.

Population analyses

Population-level analyses were performed with 1) a dataset
of 4679 informative SNPs for 45 individuals that permitted
20 % missing data per locus, and 2) ND2 data of 85 of the
86 individuals sequenced for ND2. The SNP dataset differs
in size between the population-level analyses and the
phylogenetic analyses because it includes heterozygotous
loci removed as a result of the ascertainment bias correc-
tion. For the ND2 dataset, analyses were completed with
and without one male individual (MBM 13821), but only
those results excluding MBM 13821 are reported. This
specimen likely represents V. b. arizonae (see results), but

retains the mtDNA of an eastern form. The inclusion of
MBM 13821 inflated nucleotide diversity scores for west-
ern birds, but did not alter significance of other tests.

Individual based population assignment tests were
completed with STRUCTURE v2.3.4 (Pritchard et al.
2000). STRUCTURE assigns individuals to a predeter-
mined number of populations (K) probabilistically and can
be used to examine the amount of admixture within each
individual. Pr(XIK) was calculated for values of K between
1-6 to determine the most likely number of distinct clusters
within Bell’s Vireo. Furthermore, the optimal K was
examined via AK (Evanno et al. 2005), implemented in
STRUCTURE HARVESTER (Earl 2012). STRUCTURE
analyses were run in duplicate for 500,000 generations with
a burnin of 5000 generations using both correlated allele
frequencies and permitting admixture.

To investigate the presence of population structure, an
analysis of molecular variance (AMOVA) was used to
calculate ®-statistics and to quantify the percent variation
among and within populations for both the mtDNA and
GBS datasets. Sampling for this project had to be con-
ducted opportunistically; therefore, some populations lack

Vireo osburni

Vireo us
1.V. b. arizonae
2*V. b. pusillus
3*V. b. pusillus
4.V. b. arizonae
5.V, b. arizonae
6.V. b. arizonae
7*V. b. arizonae/pusillus
8.V. b. arizonae
9.V. b. arizonae
10.V. b. pusillus
11.V. b. arizonae
12.V. b. arizonae
13.V. b. pusillus
_[ 14*V. b. arizonae/pusiilus
15.V. b. arizonae
16.V. b. medius
17.V. b. medius
18.V. b. medius

Western
——————————

19.V. b. medius
20*V. b. bellii/medius

. |
Eastern

. b. medius
40.V. b. medius

Fig. 3 The ND2 maximum clade credibility tree rooted by the
outgroup method. Samples are labeled by their currently recognized
taxonomy and terminals representing multiple individuals are
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indicated with an asterisk. Nodes that received posterior probability
of 0.95 or higher are indicated with a black square
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the desired number of individuals to perform detailed
population level analyses. Thus, we pooled geographically
proximate individuals to increase sample sizes (Fig. 1). In
addition, individuals were pooled according to subspecies
distinction, only to test whether subspecies capture genetic
structure. In addition to AMOVA, population structure was
further examined by calculating pairwise Fg values. The
AMOVA and pairwise F calculations were completed in
ARELQUIN (Excoffier et al. 2005). Some avian species
that co-occur with the Bell’s Vireo are isolated into western
and eastern clades by the Sierra Madre Occidental (SMO)
(Zink et al. 2001); therefore, we performed a partial Mantel
test to address the possibility of the SMO acting as a barrier
to gene flow in the Bell’s Vireo complex. The Isolation by
Distance Web Service (Jensen et al. 2005) was used to
calculate the partial Mantel test for a correlation between
genetic distance and whether populations were on the same
or different sides of the SMO, while controlling for geo-
graphic distance. Genetic distance was measured with
Slatkin’s M and Euclidean distance between populations
yielded the geographic distance matrix. For this analysis,
samples were pooled based on geographic proximity into
sampling populations, resulting in nine populations
(Fig. 1A-I).

Niche modeling

We constructed climatic niche models using occurrence
data from 29 natural history collections as well as eBird, an
observational repository. These records were acquired
through the ORNIS2 (www.ornisnet.org) and Vertnet
(www.vertnet.org) online data access portals. A total of
7290 unfiltered occurrence data points were collected,
83 % from eBird. Data points were then removed if they
fell outside of the breeding distribution (BirdLife Interna-
tional and NatureServe 2013) by greater than 1 degree, and
additional records were removed for identical coordinates
and records with coordinates lacking environmental data.
Following filtering, 1709 records remained and these were
used for niche modeling (Fig. 2a). We used 19 bioclimatic
variables from worldclim (Hijmans et al. 2005) and four
non-climate variables: elevation, slope, aspect and terrain
roughness for a total of 23 variables to generate the model,
all at a resolution of 2.5 arc-minutes (~4 x 4 km grid
cell). An initial niche model was produced in Maxent
(version 3.3.3 k) with default settings, using all 23 vari-
ables, with the training region defined as North and Central
America. In order to prevent model over fitting, only
variables contributing more than 5 % to the generation of
the model were retained for the rest of the analyses (Brown
and Knowles 2012) and those were: mean annual temper-
ature (biol), mean temperature of the warmest quarter
(biol0), mean annual precipitation (biol2), and

precipitation of the wettest quarter (biol6). The beta mul-
tiplier parameter controls the complexity of the niche
model, and using an AICc model selection approach
(Warren and Seifert 2011), we tested beta multiplier values
from O to 15 and found O to be the best fit. The current
climatic niche model was validated using k-fold parti-
tioning. Here, the occurrence dataset is broken up into 5
pieces (20 % of the occurrences in each). Four pieces are
the training data, the remaining portion is the testing data.
The training sets are used to construct niche models, and
their ability to correctly predict occurrence is tested on the
test dataset. We did this 5 times, each time changing which
subset of the dataset that was assigned as the testing set.
We took the average of the AUC (area under the curve),
which is a measure of niche modeling performance, where
0.5 means the model does no better than random (it ranges
from O to 1). In order to place the demographic history of
Bell’s Vireo in a historical and spatial context, the current
niche model was then projected onto climate data for the
Last Glacial Maximum (LGM =~ 21,000 BP) for two
models: CCSM (Collins et al. 2006) and MIROC (Hasumi
and Emori 2004). It has been demonstrated that projection
of niche models into climate space outside of the range of
the data with which the models were built can lead to
unrealistic extrapolation (Owens et al. 2013), however we
have found our results to be robust to such problems. All
niche modeling was executed in R, using Maxent through
the dismo (Hijmans et al. 2005), maptools (Bivand and
Lewin-Koh 2015), rgeos (Bivand and Rundel 2014) and
raster packages (Hijmans 2015).

Results
Phylogenetic analyses

Analysis of 86 individuals for the complete ND2 gene
revealed 40 unique haplotypes with 73 variable and 44
phylogenetically informative sites. The ML and Bayesian
topologies were largely congruent with no strongly sup-
ported nodes in conflict (Fig. 3, Bayesian tree shown).
Both analyses recovered two major clades that are
approximately 3 % divergent from one another. Using a
standard rate of mtDNA sequence divergence of 0.0115 per
million years (Klicka et al. 2011), the BEAST analysis
estimated the clades diverged between 1.11 and 2.04 mya
(95 % HPD). The two clades are geographically cohesive,
with one clade found in the eastern part of the distribution
and the other clade found in the western part of the dis-
tribution (Fig. 3). The western clade is primarily comprised
of individuals from California, Arizona, and Mexico
(groups F-J on Fig. 1), while the eastern clade is composed
of individuals from Missouri, Oklahoma, and Texas
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Fig. 4 Maximum likelihood of SNP data. Node support was established by rapid bootstrapping and only relationships with BS > 60 are shown.

Numbers correspond to specimen voucher numbers of Table 1

(groups A-E on Fig. 1). Thus, individuals of V. b. pusillus
and V. b. arizonae belong to the western clade, and indi-
viduals of V. b. bellii and V. b. medius belong to the eastern
clade. The eastern/western division is upheld by all but one
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individual used to construct this topology. The single
exception was an individual (MBM 13821) collected in
April from Clark Co, Nevada, within the breeding range of
V. b. arizonae. Instead of grouping in the western clade
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Fig. 5 STRUCTURE analyses with admixture for all individuals
(K = 2-4). The bottom left and right panels displays STRUCTURE
results for separate analyses of the eastern and western sub-clades
(K = 2, 3). Columns represent individuals and black lines separate
sampling locations as labeled on A Missouri, B Missouri, C Oklahoma,
D South Central Texas, E Western Texas, FF Mexico, G Eastern
Arizona, H West California/Nevada, I Coastal California

with other members of V. b. arizonae, this individual
groups with the eastern clade. However, an examination of
both plumage and morphology (tail length) identify MBM
13821 as a V. b. arizonae individual. Most relationships
within the western and eastern clades did not receive sta-
tistically significant posterior probability support, and none
of the subspecies formed monophyletic groups based on
their mtDNA (Fig. 3).

The haplotype network (Fig. 1) showed structure similar
to that observed in the ML and Bayesian topologies. The
eastern and western clades were identified, with 27 muta-
tional steps separating the most genetically similar eastern
and western individuals. Within the eastern clade, 25
unique haplotypes (out of 42 individuals) were identified,
while only 15 (out of 44 individuals) were recovered in the
west. The most common haplotype occurred in the western
clade and was shared by 21 individuals. This haplotype
occurred in individuals from California, Mexico, Nevada
and Arizona. The second most common haplotype is
composed of 8 individuals found in the eastern clade and
includes Texas and Missouri individuals.

Following processing with the UNEAK pipeline, the 48
individuals used for GBS produced a dataset of 24,426
biallelic SNPs. Three individuals were subsequently
removed because of missing data for most loci. ML anal-
ysis was performed for a dataset that permitted 20 %
missing data per locus (3241 SNPs). The SNP ML phy-
logeny (Fig. 4) separated all individuals into eastern and
western clades and this received high bootstrap support
(BS = 84 %). The one individual that violated the east/
west trend in the mtDNA dataset (MBM 13821) was
recovered in the expected (western) clade in the SNP tree.
Within the western clade, the main internal clade that
received strong support (BS = 87 %) united all eight of the
endangered V. b. pusillus individuals into a clade. The
other internal clade with elevated support (BS = 69 %) is
located within the eastern clade and united all of the Vireo
bellii bellii individuals. Parsimony analysis identified the
same relationships as the ML analysis. Specifically, the
east—west split was recovered (71 % bootstrap support),
Vireo bellii belllii was identified as a clade, and, most
importantly, we found support for the endangered V. b.
pusillus (72 % bootstrap).

Population analyses

The probability of individual STRUCTURE analyses (P
(XID)) from K = 1 to K = 6 indicates that K = 2 is the
most supported value; however, the four-population
(K = 4) model received the second best AK score. Fur-
thermore, K = 2, 3, 4 all received qualitatively similar
probability scores: —145,513.0, —144,494.9, —144,334.2,
respectively. In all population models, Texas individuals
(groups D and E; Fig. 5) were an admixture of at least two
genetic clusters, while Missouri and Oklahoma birds
(groups A-C; Fig. 5) were characterized by one genetic
background at all K values. California birds (groups I and
H; Fig. 5) were clustered with specimens from Arizona,
Mexico and Nevada for K = 2, but this genetic back-
ground was only partially shared at K values of 3 and 4.
Thus, at these higher values of K, groups F and G show
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Table 2 Pairwise F values for Population

V. b. bellii

V. b. medius V. b. arizonae V. b. pusillus

the four different subspecies of
the Bell’s Vireo complex. Fy,
results for mtDNA are listed
first, followed by SNP results

V. b. bellii (Eastern) -
V. b. medius (Eastern)

V. b. arizonae (Western)
V. b. pusillus (Western)

0.174%*, 0.059** -
0.928%**, 0.135%*
0.903**, 0.197**

0.924%%, 0.044%%  —
0.889%%, 0.091%%  0.324%% 0.047%%  —

*p = 0.00098
# p < 0.00001

genetic differences not shared with Least Bell’s Vireo
populations. STRUCTURE can have trouble parsing out
individuals into populations if the population structure is
hierarchical; therefore, one approach often taken in the
literature (Farrington et al. 2014; Hart et al. 2014; Manthey
et al. 2011) is to perform separate analyses on different
geographic regions. Thus, we further analyzed population
structure by completing analyses for the eastern and
western sub-clades with K = 1-4, and we found K = 2
and K = 3 received the best likelihood scores (Fig. 5).
Least Bell’s Vireo individuals form an almost exclusive
cluster for both K values, while V. b. medius individuals
from eastern Texas (group D; Fig. 5) continue to be char-
acterized by multiple genetic backgrounds.

F, statistics for both the mtDNA and GBS data sets
indicated that most of the significant Fy values were
comparisons between eastern and western populations, and
all significant Fg values represent comparisons between
existing subspecies. Within the western populations, both
ND2 and GBS data recovered significant F, results for the
comparisons of population I (representing V. b. pusillus) to
populations G (representing V. b. arizonae), and ND2
additionally recovered significant a F; value for the com-
parison between populations I and J (population J was not
represented in GBS dataset) (Online Resource 1). Pooling
individuals according to subspecies provided significant F
results for all comparisons (Table 2). AMOVA analyses for
mtDNA (Online Resource 2, 3) indicated geographic
structure between the eastern and western clades with
89-90 % of the molecular variation partitioned between
the clades. Conversely, AMOVAs for the SNP dataset
indicated only 5.5-6.5 % of the variation was explained by
east/west clade membership. Pooling samples based on
populations (Online Resource 2) versus subspecies dis-
tinctions (Online Resource 3) essentially yielded the same
results. Quantifying nucleotide diversity (n) for the
mtDNA dataset indicated less genetic diversity in western
populations compared to eastern populations (Online
Resource 4). The partial Mantel test examining the corre-
lation between genetic distance and the presence of a
barrier in New Mexico produced a significant result
(r = —0.6518, p = 0.0002), indicating that a barrier, rather
than isolation by distance explains the relationships
between eastern and western individuals.
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Niche modeling

Niche modeling performed well when tested for model
validation, yielding a mean testing AUC of 0.97, when
averaged across the 5 k-fold partitions. The current climate
niche model for V. b. bellii largely reflects the known
distribution for breeding Bell’s Vireos (Fig. 2b). In addi-
tion, the Bell’s Vireo historically inhabited the Central
Valley of California until their recent extirpation in the late
1900s. The niche model correctly predicts this area as good
Bell’s Vireo habitat, even without any occurrence records
in our dataset from the Central Valley. Projecting the Bell’s
Vireo niche model back to the LGM identified western and
eastern refugia (Fig. 2c, d). One refugium was identified in
northeast Mexico and a second likely refugium was found
in northwest Mexico, with a potential third in the central
valley of California. The eastern and western refugia are
isolated geographically with the intervening habitat
(highlands associated with the Sierra Madre Occidental)
characterized as unsuitable for Bell’s Vireo populations.

Discussion

Genomic methods offer a promising tool for conservation
genetics and are quickly becoming a common method for
obtaining numerous loci for multiple individuals in phy-
logenetic and phylogeographic studies (Manthey et al.
2015). However, distinguishing the roles of dispersal,
vicariance, and gene flow in explaining population struc-
ture continues to be a challenge. Here, we included evi-
dence from mitochondrial and genome-wide variation, as
well as environmental niche modeling, to elucidate the
evolutionary history of Bell’s Vireo populations for man-
agement purposes. Our data indicate that gene flow is
restricted in the Bell’s Vireo. However, restricted gene
flow, in the form of isolation by distance, does not ade-
quately explain the overall pattern. The mitochondrial data
show a clear division of eastern and western birds, and
analysis of the GBS dataset with a partial mantel test fur-
ther established the presence of a barrier to gene flow
between these regions. Additionally, the GBS data set
identifies genetically cohesive units within the east and
west that correspond to geography.
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Species limits

Mitochondrial data divide the Bell’s Vireo complex into
two well-supported clades of individuals from the eastern
and western portions of their distribution that are approx-
imately 3 % divergent from one another (Fig. 1). For
comparison, Johnson and Cicero (2004) summarized data
for 39 pairs of North American avian sister species and
reported that, on average, mitochondrial DNA sequences of
sister species are 1.86 % divergent. More recently, Arbe-
laez-Cortés et al. (2014), studying V. hypochryseus, iden-
tified internal sister clades that are approximately 1.5 %
divergent for ND2. These studies suggest the degree of
genetic structure within the Bell’s Vireo complex is large
compared to birds in general, including other vireos. Fur-
thermore, the division between eastern and western clades
identified by mtDNA is concordant with genome-wide SNP
data (Fig. 4), further establishing the evolutionary inde-
pendence of the two lineages. Finally, ecological niche
modeling revealed eastern clade refugia in northeast
Mexico and western clade refugia in northwest Mexico
with additional hotspots in California. The refugia in
Mexico are allopatric, indicating long established and
isolated habitat for the separate clades.

The difficulty in defining a concept of species that is
universally applicable has long plagued biologists. Never-
theless, applying a variety of widely used species concepts
to our data indicate that the Bell’s Vireo constitutes two
species. Under a Phylogenetic Species Concept (PSC),
species are defined as an irreducible, diagnosable group,
with a pattern of ancestry and descent (Zink and McKitrick
1995). The eastern and western clades of Bell’s Vireo are
clearly separate species based on the PSC because they can
be diagnosed on the basis of 23 synapomorphies in ND2.
Avise and Ball (1990) introduced a genealogical concor-
dance perspective to the species concept debate, empha-
sizing the importance of multiple gene phylogenies. These
ideas were further developed into a genealogical species
concept (GSC) by Baum and Shaw (1995) whereby mul-
tiple concordant gene trees are indicative of exclusive
groups and species status. Strictly speaking, this project did
not examine individual SNP phylogenies in addition to the
ND2 phylogeny; rather, we performed a concatenated
analysis to determine the overall genomic signal within
Bell’s Vireo. Therefore, the GSC would not technically be
applicable. However, the results of the concatenated anal-
yses indicate that most SNPs support the deep eastern/
western division identified for the Bell’s Vireo. Thus,
concordance between genomic and mitochondrial data
observed in our study supports the division of Bell’s Vireo
into two independently evolving lineages.

The Biological Species Concept (BSC) defines species
based on reproductive isolation. Under the BSC, a group of

populations is considered a species if they breed or could
potentially breed with one another (Mayr 1993). The pos-
sible secondary contact between the east and west clades
that was identified in the STRUCTURE analysis suggests
caution in the recognition of two species under a traditional
interpretation of the BSC. However, this pattern may also
be the result of longer coalescent time needed for nuclear
markers Even if there is some limited gene flow between
the two clades, Gill (2014) showed how recent advances in
understanding the role of gene flow in bird speciation
forces a new approach to applying the BSC. Given that
speciation may occur in the context of gene flow, complete
reproductive isolation is deemphasized under this
approach, and essential reproductive isolation (lack of free
interbreeding) becomes a more appropriate criterion to
apply in situations that involve potential gene flow (Gill
2014). Applying this perspective, the two clades qualify for
separate species status under the BSC as well.

While the genetic data provide a solid basis for species
delimitation regardless of species concept applied, addi-
tional lines of evidence identify distinct eastern and west-
ern populations. The eastern and western clades are
considered field identifiable by their plumage characters
(Sibley 2014). Additionally, tail length can differentiate
eastern and western populations; western individuals range
from 47 to 54 mm while eastern individuals vary from 41
to 47 mm (Ridgway 1904). Behavioral divergence has also
been observed for populations of Bell’s Vireo. Western
Bell’s Vireos wag their tails side-to-side, similar to a
gnatcatcher, but eastern Bell’s Vireos flick their tails up
and down like a Palm Warbler (Dendroica palmarum)
(Greaves and Chadwick 2006; Sibley 2014).

A new species taxonomy is warranted for the Bell’s
Vireo, based on reciprocally monophyletic sister popula-
tions, essential reproductive isolation, and morphological
and behavioral evidence. Following rules of taxonomic
priority, the name Vireo bellii can be used for eastern
populations (Central United States, Texas, Chihuahua
Desert), and Vireo pusillus can be used for western popu-
lations (Arizona, California, Baja California, Sonoran
Desert). For common names, we suggest the use of Bell’s
Vireo (Vireo bellii) and Least Vireo (Vireo pusillus). The
retention of Bell’s Vireo and use of Least Vireo returns to
the original common names used for each group (Coues
1866, 1890).

Subspecific limits

The category of subspecies is important for conservation of
North American vertebrates under the U.S. Endangered
Species Act because subspecies, and even smaller units
(i.e., distinct population segments, evolutionarily signifi-
cant unit) can be recognized as the taxonomic units in need
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of protection independent of the status of the overall spe-
cies (Haig et al. 2010). For the Bell’s Vireo complex,
genome-wide SNPs provided additional resolution within
the two proposed species (Bell’s Vireo and Least Vireo)
that can be used to guide subspecies designations. In par-
ticular, these data provide insight into the genetic distinc-
tiveness of the endangered Least Bell’s Vireo. All eight
Least Bell’s Vireos formed an exclusive, well-supported
cluster in our ML analysis. This group includes individuals
sampled from distant parts of the range of the subspecies
(San Diego and San Bernardino Counties); thus, mono-
phyly is not the result of a geographically small sample, or
sampling only closely related individuals. Our STRUC-
TURE analysis of a 3 or 4-population model and the sub-
clade analysis of western populations corroborate the ML
result for Least Bell’s Vireo. Taking this into considera-
tion, the overall signal from the SNP dataset supports
maintaining the Least Bell’s Vireo as a distinct evolu-
tionary unit that qualifies as a subspecies, evolutionarily
significant unit, and distinct population segment. In addi-
tion, all individuals of V. b. bellii form a clade, with 62 %
bootstrap support. Two individuals of V. b. medius from
south Texas (LSU B43284, LSU B30896) received mar-
ginal support as grouping with V. b. bellii individuals rather
than V. b. medius. Nevertheless, none of the four currently
recognized subspecies (including V. b. medius) are poly-
phyletic with respect to each other, and thus the tree
structure does not show widespread gene flow among
subspecies. Monophyly of Bell’s Vireo subspecies was not
recovered in our ND2 phylogenies, likely due to the small
amount of the genome represented by ND2 relative to our
SNP data set. Nevertheless, ND2 still showed significant
F,; values between subspecies. Therefore, given our current
data and analyses, we recommend retaining the current
subspecies. Thus, under our proposed classification, the
Bell’s Vireo complex includes two species, the Bell’s
Vireo (Vireo bellii) that includes two subspecies Vireo b.
bellii and Vireo b. medius, and the Least Vireo (Vireo
pusillus) that includes two subspecies, Vireo p. pusillus and
Vireo p. arizonae. The endangered subspecies V. p. pusillus
can be identified as California Least Vireo and V. p. ari-
zonae can be referred to as the Arizona Least Vireo, as in
previous works (Coues 1866, 1890).

Biogeographic history of the Bell’s vireo

Physical barriers may facilitate diversification/speciation
by either dispersal or vicariance. In dispersal, a pre-existing
barrier does not completely restrict gene flow, and colonists
may move to a new area and form a new population. With
time, the separated populations become distinct. The sec-
ond pattern depends on vicariant events to explain taxon
distributions. Under this model of diversification, the
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ancestor is widespread, and isolating (vicariant) events
divide the ancestral population into sub-populations that
can then differentiate in isolation (Ronquist 1997). These
two explanations are not mutually exclusive, especially in
highly vagile organisms like birds; therefore, teasing apart
their relative influence on any one species can be prob-
lematic because either explanation can be equally parsi-
monious. However, comparative phylogeography across
groups of taxa can help to provide insight into the most
likely scenario of speciation.

Although a dispersal scenario cannot be entirely exclu-
ded, evidence from our niche modeling analyses and
comparative phylogeographic studies point to a more
important role for vicariance. The area of potential contact
of the eastern and western Bell’s Vireo clades (Fig. 1) has
also been identified as a contact zone in previous studies of
various organisms, many with similar dispersal abilities
(Riddle and Hafner 2006; Shepherd and Burns 2007; Smith
et al. 2011; Weyandt and Van Den Bussche 2007; Zink
et al. 2001). A comparative study of co-distributed birds in
the arid southwest of North America discovered that both
the Canyon Towhee (Melozone fusca) and Curve-billed
Thrasher (Toxostoma curvirostre) show sister relationships
between the Sonoran and Chihuahuan deserts (Zink et al.
2001). Within the Northern Cardinal (Cardinalis cardi-
nalis), Smith et al. (2011) also found a division of east and
west sister taxa with a contact zone in eastern Arizona.
Additional work on bats (Weyandt and Van Den Bussche
2007) provides further evidence of a similar pattern of
differentiation in the dry deserts of southwest North
America. Uplift in the late Neogene, from approximately
15-2 mya, produced the SMO, potentially isolating popu-
lations into Sonoran and Chihuahuan Desert sister taxa
(Wilson et al. 2011). In the Pliocene and Pleistocene, after
major landforms such as SMO had formed, three major
filter-barriers in the warm deserts of North America had
strong influences on the evolutionary history of organisms
(Hafner and Riddle 2011). Among the three is the Cochise
filter-barrier (Morafka 1977); it is located in the vicinity of
the Deming Plains, an area in northwest Mexico near the
Arizona/New Mexico border. The Cochise filter-barrier,
like the SMO, may have isolated Bell’s Vireo into eastern
and western forms. Vicariance resulting from uplift and
SMO formation in the late Neogene would require a deeper
divergence than the 1 - 2 mya divergence identified for the
western vs. eastern clades of Bell’s Vireo. Instead, diver-
sification due to the Cochise filter-barrier better aligns with
the molecular dating, niche modeling results, and com-
parative phylogeography.

The two clades of Bell’s Vireo correspond geographi-
cally and temporally with the same pattern of divergence as
other highly vagile species in this region (Smith et al. 2011;
Weyandt and Van Den Bussche 2007; Zink et al. 2001). In
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addition, niche modeling identified allopatric refugia for
east and west populations during the LGM. During this
time frame, riparian corridors (critical habitat for Bell’s
Vireo) would have been at their broadest and most con-
nected (Hafner and Riddle 2011), yet two allopatric refugia
were recovered. Therefore, the most likely explanation for
the divergence in east and west populations is a result of
glacial cycling and the Cochise filter-barrier.

Conservation implications

In this study, we present evidence for multiple species
within the Bell’s Vireo, and suggest a new taxonomy that
better reflects the species’ evolutionary history. Our find-
ings reveal that within the context of conservation, Bell’s
Vireo is more appropriately considered not as one species
with four subspecies, but as two species, each with two
subspecies. This new information has implications for the
federal, state and other listing status of Bell’s Vireo
throughout its range. Our results support the distinctiveness
of the Least Bell’s Vireo as a taxon and its recognition as
state and federally endangered. A re-assessment of the
conservation status of Bell’s Vireo in the rest of the U.S. is
warranted given that the new taxonomy will change the
contexts within which abundance and distribution, threats,
and management options for each species and subspecies
are considered. Such a re-assessment, which might elevate
the listing status of particular taxa or populations, is nec-
essary to ensure that the full breadth of taxonomic diversity
within Bell’s Vireo is protected.

Genetic studies will continue to play a prominent role in
providing necessary information for effective management
of Bell’s Vireo. Additional sampling both within and
between Bell’s Vireo and Least Vireo populations will
provide clarification on the area of contact for the two
species and allow for a better assessment of subspecies
status. In particular, additional information is needed from
the potential contact zone in New Mexico, where Bell’s
Vireo habitat is sparse and patchy. Similarly, further
sampling to determine the boundary separating the Least
and Arizona subspecies is necessary to resolve the taxo-
nomic status of populations in eastern California, western
Arizona and southern Nevada and thus identify which fall
under the protection of the Endangered Species Act
afforded to Least Bell’s Vireo. Within California, where
vireos occupy a highly urbanized and fragmented land-
scape, genetic analyses are needed to evaluate gene flow
among drainages and the degree of genetic diversity within
populations, an important determinant of their potential to
respond to environmental change. Such analyses would
establish whether Least Bell’s Vireo populations are
functioning as an inter-connected metapopulation, and
reveal areas genetically isolated that would benefit from

management action to re-connect them to other popula-
tions. Determination of the extent to which Least Bell’s
Vireo in coastal California is isolated by the Transverse
Ranges from desert populations in eastern California would
similarly provide information regarding genetic structuring
and improve our ability to integrate evolutionary dynamics
of populations into conservation strategies.
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