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INTRODUCTION 

 
The New World blackbirds (Icteridae) are among the best known songbirds, both through exemplar 

species, such as the Red-winged Blackbird (Agelaius phoeniceus), and collectively, through service as a 

model clade in numerous studies of morphological, ecological, and behavioral trait evolution. Knowledge 

of phylogeny is a prerequisite for reconstructing evolutionary patterns, and it is the basis for systematic 

classification, but as of yet there has been no comprehensive analysis of blackbird phylogeny. The central 

concern of my dissertation research was to infer of the pattern of evolutionary relationships among New 

World blackbird species using molecular phylogenetic methods. Because results of earlier studies informed 

later ones, the three chapters herein are arranged in chronological sequence, though each may be read 

separately from the others.  

 In Chapter 1, I investigate the phylogeny of the grackles (Quiscalus spp.), a group of 7 blackbird 

species that are distributed throughout North America, the Caribbean, and northern South America, and 

which are common in lawns, gardens, and other anthropogenic habitats. I used gene sequences of 

cytochrome b and NADH dehydrogenase subunit 2 (ND2) to reconstruct relationships within the group. A 

primary concern was determining the phylogenetic position and genetic distinctiveness of the extinct 

Slender-billed Grackle (Q. palustris) and of the Nicaraguan Grackle (Q. nicaraguensis), which is unusual 

among grackles for its restricted geographic range. The recovered phylogeny reveals Slender-billed Grackle 

to be most closely related to one of two major haplotype clades of Great-tailed Grackle (Q. mexicanus), the 

other being sister to Boat-tailed Grackle (Q. major). Nicaraguan Grackle appears sister to Carib Grackle 

(Q. lugubris). I also found that several species (e.g. Q. mexicanus, niger, and lugubris) contain deeply 

divergent lineages. 

 In Chapter 2, I present a method for partitioning whole mitochondrial genome sequences to 

optimize model-fitting during phylogenetic analyses. Because standards for the rigorous and objective use 

of mitogenomes in phylogenetic analyses were lacking, developing such a method was a prerequisite for 

analyzing the mitogenomes of a clade of South American endemic genera of blackbirds that I sequenced in 

hopes of inferring a more robust hypothesis of the phylogenetic history of the group than had been possible 

using a conventional 2-kilobase sample of mitochondrial DNA. I found that the most useful categories for 

partitioning mitochondrial genomes into more homogenous sets of sites for phylogenetic analyses, were 

codon position, RNA secondary structure pairing, and the coding/noncoding distinction, and that a scheme 

with nine data groups outperformed all of the more complex alternatives (up to 44 data groups) that I 

tested. As hoped, analyses using whole mitogenomic sequences yielded better-resolved and more strongly-

supported hypotheses of the phylogenetic history of that locus than did a dataset composed of the 

sequences of two mitchondrial genes (cytochrome b and ND2). 

 In Chapter 3, I present the first comprehensive species-level phylogeny of the Icteridae. By using 

mitochondrial gene sequences from all ~108 currently-recognized species, together with strategic sampling 

of 4 nuclear loci and whole mitochondrial genomes at the generic level, I was able to resolve most 
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relationships with high confidence. The best-resolved phylogeny is consistent with strongly-supported 

results of past studies, but it also contains many robustly-resolved inferences of relationship that eluded 

them. These novel hypotheses of relationship include some unexpected placements of taxa that had not 

been included in previous molecular phylogenies, resolution of the relationships among major subclades 

within Icteridae, and resolution of generic-level relationships within the largest of those subclades. I 

suggest taxonomic revisions based on those results. 

 



   

 

3

                                                

CHAPTER 1 
 

A complete species-level phylogeny of the grackles (Quiscalus spp.), including the 
extinct Slender-billed Grackle, inferred from mitochondrial DNA1,2 

 
 

SUMMARY  

The grackles (Quiscalus spp.), together with their sister genus Euphagus, compose a clade within the New 

World blackbirds (Icteridae). We used gene sequences of cytochrome b and NADH dehydrogenase subunit 

2 (ND2) to reconstruct relationships within this group. A primary concern was determining the 

phylogenetic position and genetic distinctiveness of the extinct Slender-billed Grackle (Q. palustris)—a 

poorly known endemic of the Lerma Basin and the ancient lakes of the Valley of Mexico, last collected and 

recorded in 1910—and of the Nicaraguan Grackle (Q. nicaraguensis), which is likewise unusual among 

grackles for its restricted geographic range. Our analysis differs from previous efforts by inclusion of these 

taxa along with all other recognized grackle species, intraspecific sampling of Greater Antillean (Q. niger), 

Carib (Q. lugubris), and Great-tailed (Q. mexicanus) Grackles, and inclusion of additional sequence data. 

The recovered phylogeny reveals Slender-billed Grackle to be most closely related to one of two major 

haplotype clades of Great-tailed Grackle, the other being sister to Boat-tailed Grackle (Q. major). 

Nicaraguan Grackle appears sister to Carib Grackle (Q. lugubris). We discuss the implications of these and 

other relationships in the genus for species limits and biogeography. 

 

1-1. INTRODUCTION 

The grackles (Quiscalus) are among the most familiar of blackbirds (Icteridae). Common in anthropogenic 

landscapes, they are conspicuous by virtue of their gregariousness, their habit of foraging on the ground in 

open areas, their iridescent black or rich rusty brown (in some females) plumages, and their long wedge-

shaped tails, which they flare and keel distinctively in flight and display. The seven species currently 

recognized (AOU 1998) are all very similar with respect to morphology, behavior, and ecology. 

 
1 A version of this paper was published: 

Powell, A. F. L. A., F. K. Barker, and S. M. Lanyon. 2008. A complete species-level phylogeny of the 
grackles (Quiscalus spp.), including the extinct Slender-billed Grackle, inferred from mitochondrial DNA. 
Condor 110:718–728. 
 
2 Acknowledgements: We thank G. D. Weiblen for use of his lab during preparation of Q. palustris and 
other toe pad samples, J. M. DaCosta for sharing Q. mexicanus sequence data, H. Vázquez-Miranda for 
helpful discussion and Spanish translation of our abstract, and two anonymous reviewers for comments on 
the manuscript . We also thank the following institutions for maintaining and making available the 
specimens that made this research possible: American Museum of Natural History, James Ford Bell 
Museum of Natural History, Marjorie Barrick Museum of Natural History, Field Museum of Natural 
History, University of Kansas Natural History Museum, Natural History Museum of Los Angeles County, 
University of New Mexico Museum of Southwestern Biology, and the National Museum of Natural 
History. This study was supported in part by NSF DEB-0316092 to FKB and SML. 
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Nevertheless, across their collective range, which encompasses much of North America and the 

Caribbean and extends to the north Pacific and Caribbean coasts of South America (Fig. 1-1), a great 

number of forms (currently 30 ssp.; Jaramillo and Burke 1999) have been described. At least 15 of these 

taxa were recognized as species (Ridgway 1902), but with better understanding of the relative amounts of 

morphological difference among them, many species, especially island forms, were subsequently reduced 

to subspecific status (Peters 1921, Hellmayr 1937).  

 Although several studies (Avise and Zink 1988, Zink et al. 1991, Lovette et al. 1999, Kerr et al. 

2007, DaCosta et al. 2008) have examined intraspecific molecular variation in grackles, only one (DaCosta 

et al. 2008) was a detailed phylogeographic analysis. That study, of Great-tailed (Q. mexicanus) and Boat-

tailed (Q. major) Grackles, found that the former species comprises two geographically distinct clades, the 

eastern of which is more closely related to Boat-tailed Grackle than to the western clade, thus rendering 

Great-tailed Grackle paraphyletic. Similarly, Lovette et al. (1999) reported that an unpublished study of the 

Carib Grackle (Q. lugubris) found that it comprises at least two geographically distinct lineages that are 

>3% genetically divergent; however, the significance of this finding for grackle phylogenetics has not been 

investigated. All other molecular studies of the grackles (Lanyon 1994, Johnson and Lanyon 1999, Lanyon 

and Omland 1999, Eaton 2006) have reconstructed phylogenetic relations among recognized species using 

a single sample of each. Furthermore, two species, both unusual for their extremely limited distributions 

(Fig. 1-1), have not been included in any molecular studies—the Slender-billed (Q. palustris) and 

Nicaraguan (Q. nicaraguensis) grackles.  

 The Slender-billed Grackle (hereafter palustris) is the only blackbird (and one of a handful of New 

World nine-primaried oscines) driven to extinction in historic times. It was endemic to central Mexico, but 

the lake and marsh systems in which it lived have been extensively drained and diminished over the past 

five centuries for agricultural and urban development (Peterson and Navarro-Sigüenza 2006). The only 

records of palustris are from the Valley of Mexico (now the metropolitan area of Mexico City), where the 

type specimen was collected in 1827 and the species was reportedly still present in ~1890 (Peterson 1998), 

and from the headwaters of the Río Lerma, where specimens were collected in 1904 and 1910 (Dickerman 

1965). The Nicaraguan Grackle (hereafter nicaraguensis) is an endemic of the marshes and lowlands 

around Lakes Managua and Nicaragua, where populations appear secure (IUCN 2008). 

 Because of their distinctive morphologies, recognition of palustris and nicaraguensis as species 

has rarely been questioned, but traditional hypotheses of grackle evolutionary relationships, and of these 

species particularly, have varied. Past taxonomies (e.g. Ridgway 1902, Hellmayr 1937) have grouped the 

species of grackles into three genera—Quiscalus, Holoquiscalus, and Cassidix—which are still sometimes 

recognized as subgenera. The long, straight, fine bill of palustris was unlike that of any other grackle 

(Jaramillo and Burke 1999), but since that species was otherwise similar to mexicanus and major, all 

authorities have grouped palustris with them in Cassidix (Table 1-1). Blake (1968) suggested palustris 

might have been a local race of mexicanus, whereas Selander and Giller (1961) speculated on a sister 

pairing with major and possible connection with nicaraguensis based on the marsh-nesting habits of these 
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species. Generally, nicaraguensis has been included in Cassidix, perhaps because of its long tail and 

marsh association. Hellmayr (1937) considered nicaraguensis to be “allied” with palustris. However, some 

authorities (Bond 1950, Lack 1976) thought nicaraguensis to be closely related to Greater Antillean (Q. 

niger) and Carib (Q. lugubris) grackles. The latter two species have been considered a superspecies in the 

subgenus Holoquiscalus (Jaramillo and Burke 1999). Although Ridgway (1902) placed nicaraguensis in 

Cassidix (using the synonym Megaquiscalus), he noted that it shares a feather structural character with 

most forms of Holoquiscalus. He considered these subgenera more closely related to one another than to 

the Common Grackle (Q. quiscula) on the basis of morphological similarities (regarding nicaraguensis and 

lugubris as intermediate forms), as did Jaramillo and Burke (1999) based on similarities in plumage and 

voice. Yang and Selander (1968) noted that displays and vocalizations of nicaraguensis are similar to 

quiscula, niger and lugubris. They also proposed a derivation of quiscula from niger. 

 Previous formal analyses of grackle phylogeny have used either morphological or molecular 

characters. Björklund’s (1991) phylogeny, based on 23 morphological characters, placed nicaraguensis 

sister to Rusty Blackbird (Euphagus carolinus) and did not recover Quiscalus, Euphagus, or their union as 

monophyletic. However, a reanalysis of Björklund’s data (by Johnson and Lanyon 1999) revealed that only 

one node (pairing major and niger) in his tree had ≥50% bootstrap support. Johnson and Lanyon (1999) 

used mtDNA to analyze relationships among the grackles and related blackbirds using parsimony; Eaton 

(2006) reanalyzed the same dataset using maximum likelihood and Bayesian methods. These analyses 

recovered Quiscalus as monophyletic and sister to Euphagus. Subgenus Holoquiscalus was rendered 

paraphyletic by the closer relationship of niger to the Cassidix group than to its previously supposed sister 

taxon, lugubris.  

 Our primary objectives in this study were to determine the phylogenetic positions and genetic 

distinctiveness of palustris and nicaraguensis in the context of a wider reevaluation of grackle relationships 

inferred from the sequences of two protein-coding mitochondrial genes, cytochrome b and NADH 

dehydrogenase subunit 2 (ND2). Our analysis differs from the most comprehensive previous efforts 

(Johnson and Lanyon 1999, Eaton 2006) insofar as we used ~20% more sequence data (2292 base pairs 

total), included for the first time all recognized species of grackles, and included multiple representatives of 

species known—as in the cases of lugubris and mexicanus—or suspected (as in niger) to harbor deep 

phylogenetic divergences among populations. 

 

1-2. METHODS 

1-2.1. Taxon sampling.—Ingroup sampling (Table 1-1) included at least one individual from each species 

of Quiscalus (Sibley and Monroe 1990, AOU 1998). Further, we included representatives (provided by J. 

M. DaCosta at the Marjorie Barrick Museum) of the principle haplotype clades known from mexicanus 

(DaCosta et al. 2008), and we sequenced specimens of previously unsampled subspecies (graysoni, 

obscurus) in the western portion of the species’ range. Similarly, we included samples of the divergent 

lineages within lugubris (Lovette et al. 1999) and specimens of niger from four of the five islands (or island 
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groups) on which it occurs. Previous molecular analyses of blackbird phylogeny (Johnson and Lanyon 

1999, Lanyon and Omland 1999, Eaton 2006) recovered Quiscalus as monophyletic and sister to Euphagus 

with unequivocal support, so outgroup sampling was limited to the two recognized species of the latter 

genus. 

 1-2.2. Laboratory procedures.—We extracted genomic DNA from tissue samples (Table 1-1) 

using a DNeasy Tissue Kit (Qiagen, Valencia, California) following manufacturer instructions, except that 

for specimens sampled from toe pads, 30 μl of 100 mg per ml dithiothreitol (Gold Biotechnology, St. 

Louis, Missouri) was added to the digestion, and 50 μl Buffer AE used for each DNA elution. Because the 

palustris sample was taken from a toe pad of a skin prepared in 1904, its intact DNA concentration was 

low, so we amplified cytochrome b in six fragments using primers pairs ND5emb1 and H15103 (Barker et 

al. 2008), L15069-Qp (5'–CTAGCCATACACTACACAGCAGAC–3') and H15305-Qp (5'–

CGGTAGCGCCTCAGAATGATATTT–3'), L15259-Qp (5'–GTTGGAGTCATTCTCCTCCTAA–3') and 

H15460-Qp (5'–GTGAACTAGGGTAAGTCCTACGAT–3'), L15410 (Barker et al. 2008) and H15709 

(Barker 2004), L15656-Qp (5'–AACCTCCTAGGAGATCCAGA–3') and H15934 (Barker et al. 2008), and 

L15848-Qp (5'–CAAAACTACGATCAATGACYTTCCG–3') with H16137 (Sorenson et al. 1999). The 

mexicanus toe pad samples were treated similarly but were amplified in five fragments (H15305 and 

L15259-Qp were not used), and L15656 (Helm-Bychowski and Cracraft 1993) was substituted for L15656-

Qp. Reaction preparation and cycling parameters were as described by Barker et al. (2008). The initial 

products were reamplified when necessary to obtain sufficient concentrations for sequencing. 

 We amplified cytochrome b from frozen tissue specimens using ND5emb2 (5’–

GGYCTAAYCAAAGCCTAYCTA–3’) and H16137, reamplifying when necessary with primer pairs 

ND5emb1 and H15305-Qp, L15069-Qp and H15709, and L15656-Qp with H16137. To amplify ND2 from 

frozen tissue specimens we used primers LMET (Hackett 1996) and H1064 (Drovetski et al. 2004). We 

obtained the complete sequence of ND2, and ~890 bp of cytochrome b sequence of seven individuals in our 

study from GenBank; for these same individuals, in order to complete the cytochrome b sequences, we 

amplified the regions at each end of the gene using primers ND5emb1 with H15103, and L15848-Qp with 

H16137.  

 We purified PCR products through enzymatic digestion using exonuclease 1 and shrimp alkaline 

phosphatase (USB Corporation, Cleveland, Ohio), following Werle et al. (1994), and sequenced them 

following manufacturer recommendations on an ABI 3700 automated sequencer (BigDye v3.1, Applied 

Biosystems, Foster City, California) at the Biomedical Genomics Center of the University of Minnesota. 

We used the same primers as for PCR, except that for whole-gene amplifications, we used some additional, 

internal primers. These were L5758emb (Barker et al. 2008) and H5766emb (Barker et al. 2008) for ND2, 

and for cytochrome b, they were L15191 (Lanyon and Hall 1994), L15656, H15709, and H15298 (Helm-

Bychowski and Cracraft 1993). We used Sequencher 4.7 (Genecodes, Ann Arbor, Michigan) to align and 

view chromatograms of complimentary reads and overlapping fragments to produce a consensus sequence.  
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 1-2.3. Phylogenetic analyses.—Two sets of analyses were performed. The primary set utilized all 

data acquired, which for most individuals comprised the complete ND2 (1040 bp) and cytochrome b (1143 

bp) gene sequences, plus a spacer region and tRNA sequence (108 bp) adjoining the latter. The second set 

utilized only the cytochrome b (with spacer and tRNA) data, and was conducted to determine whether the 

results of the primary set were distorted by the lack of ND2 data from individuals sequenced from toe pads 

(Table 1-1). 

 We used PAUP* 4.0b10 (Swofford 2002) to infer phylogenetic relations among taxa under 

maximum parsimony and maximum likelihood criteria, and used MrBayes 3.1.2 (Huelsenbeck and 

Ronquist 2001, Ronquist and Huelsenbeck 2003) to employ Bayesian methods. Parsimony analyses were 

conducted with branch-and-bound searches. Support for nodes was assessed, after excluding uninformative 

characters, with 10000 nonparametric bootstrap replicates. We used DT-ModSel (Minin et al. 2003) to 

select the most appropriate models for analyses of the data using maximum likelihood and Bayesian 

methods. Parameter values for maximum likelihood analyses were obtained through estimation on 

maximum parsimony trees using PAUP*. Heuristic searches for the best maximum likelihood tree for each 

dataset were conducted using tree bisection and reconnection branch-swapping with 1000 random addition 

sequences of taxa. Clock- and nonclock-like models of sequence evolution on this tree were not 

significantly different (α = 0.05) for the complete dataset according to a likelihood ratio test (δ = 14.1, df = 

19, P = 0.78), but were different for cytochrome b alone (δ = 31.7, df = 19, P = 0.03). We conducted a 

second set of heuristic searches for the best maximum likelihood tree for each dataset with clock-like 

evolution enforced. The topologies of the best clock and nonclock trees for cytochrome b alone were 

slightly different within the eastern clade of mexicanus, but clock and nonclock models were not 

significantly different when evaluated on these trees (δ = 14.0, df = 19, P = 0.79). Support for nodes in 

maximum likelihood trees were assessed with 500 bootstrap replicates (10 random addition sequences 

each). Sequence divergences were calculated in PAUP* using nonclock maximum likelihood parameter 

estimates.  

 We used empirical Bayes factors (Kass and Raftery 1995, Nylander et al. 2004) to select 

partitioning schemes for Bayesian analyses of each dataset. We tested unpartitioned analyses, partitioning 

by gene, codon position, and codon position by gene, and the effect of assuming clock-like evolution. For 

both datasets, a maximally partitioned scheme (including a partition for the spacer and tRNA sequence) and 

enforcing a strict clock was best (2logeB10 = 19 for the complete dataset and 2logeB10 = 25 for cytochrome 

b in comparison to the next best models). We conducted final analyses for each dataset with and without 

enforcing clock-like evolution. For each analysis, we ran four coupled chains for three million generations, 

sampling every 100. Samples prior to reaching stationarity were discarded as “burn-in” and the remaining 

subsamples used to create 50% majority-rule consensus trees.  
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1-3. RESULTS 

Parsimony, likelihood, and Bayesian methods recovered similar patterns of relationship. Well supported 

nodes inferred using cytochrome b sequences alone (Fig. 1-2, Table 1-2) were consistent with the better 

supported and more finely resolved topology generated using both cytochrome b and ND2 (but lacking 

ND2 data for four specimens), so we consider the latter (Fig. 1-3, Table 1-2) our best estimate of the 

phylogeny of the group. 

 In accordance with DaCosta et al. (2008), we found two highly divergent clades of mexicanus. 

One clade is distributed mostly west of the Sierra Madre Occidental, and the other, to the east of that range. 

All analyses strongly supported sister relationships between palustris and the western clade of mexicanus 

and between major and the eastern clade. Amounts of cytochrome b sequence divergence (Table 1-3) were 

modest within the western and eastern clades of mexicanus, averaging 0.3% (range: 0.3%–0.4%) and 0.5% 

(range: 0.2%–0.8%) respectively, in comparison to the 3.1% divergence between those clades and to their 

divergences from their sister taxa. Q. palustris was 2.0% divergent from western mexicanus, whereas major 

was 1.4% divergent from the eastern clade. A sister relationship between the palustris-western mexicanus, 

and major-eastern mexicanus clades was weakly to modestly supported using the full dataset, but the 

cytochrome b data alone were unable to dichotomously resolve the relationships among these clades and 

niger. The niger samples composed a strongly supported monophyletic unit; sequence divergences among 

islands averaged 1.3% (range: 0.5%–1.9%). 

 We found nicaraguensis to be sister to lugubris, but relationships among nicaraguensis and the 

two highly divergent (3.9% in cytochrome b; Table 1-3) lugubris subspecies were not well resolved. Using 

the complete dataset, all analyses recovered these three lineages as a clade with modest to strong support, 

and Bayesian and maximum likelihood analyses recovered lugubris as monophyletic with weak support 

(Fig. 1-3). Using the cytochrome b data alone, maximum likelihood and clock-enforced Bayesian analyses 

recovered these three lineages as a clade, but support for this relationship, and for a monophyletic lugubris 

was lacking. Under parsimony, a sister relationship between nicaraguensis and the Lesser Antillean lineage 

of lugubris received weak bootstrap support, whereas maximum likelihood and Bayesian analyses grouped 

nicaraguensis and mainland lugubris with weak support (Fig. 1-2).  

 

1-4. DISCUSSION 

Our best resolved phylogeny of the grackles (Quiscalus spp.) is consistent with earlier molecular analyses 

(Johnson and Lanyon 1999, Eaton 2006) but reveals a more complex pattern of relationships than 

previously recognized. We discovered the phylogenetic positions of two species—palustris and 

nicaraguensis—not included in previous molecular studies, found these taxa genetically distinct from their 

closest relatives, and found that some named species comprise deeply divergent lineages. Our phylogeny 

conflicts with some traditional notions about the relationships among grackle species.  

 1-4.1. Sister lineage divergences and intraspecific variation.—Our analyses confirmed that Q. 

mexicanus comprises two deeply divergent haplotype clades (Wehtje 2004, DaCosta et al. 2008) that are 



   

 

9
also geographically distinct, suggesting that they represent lineages that split ~2 million years ago 

(assuming 1.6% divergence per million years; Fleischer et al. 1998, but see Weir and Schluter 2008). The 

western clade corresponds to subspecies nelsoni and graysoni, notable for being the smallest mexicanus 

forms and having very pale female plumage (Jaramillo and Burke 1999). Prior to the recent expansion of 

nelsoni northward into California and the desert southwest of the United States (Phillips 1950, Wehtje 

2003, 2004), this clade was restricted to Sonora and coastal Sinaloa west of the Sierra Madre Occidental 

(Fig. 1-4). The eastern clade, composed of the larger mexicanus forms with dark brown female plumages, 

was represented in our study by subspecies mexicanus, monsoni, and obscurus, but DaCosta et al. (2008) 

found that it also includes prosopidicola and peruvianus, and thus likely encompasses all Q. mexicanus 

outside the western clade. Prior to its recent expansion to the Gulf Coast, Great Plains, and southwest of the 

United States (Wehtje 2003, 2004) this clade was distributed from north-central Mexico east to the Gulf 

Coast and south through Central America to coastal northern South America. Despite its wide distribution, 

we found that divergences within this clade were shallow, poorly supported, and imperfectly congruent 

with named subspecies (see also DaCosta et al. 2008).  

 In spite of their genetic and morphological divergence, the eastern and western mexicanus clades 

interbreed freely (Johnson and Peer 2001, Wehtje 2004) in the southwestern United States, where their 

distributions now overlap due to expansion over the past ~60 years. Ours is the first molecular study to 

include graysoni and obscurus and thereby discover that these subspecies belong to the western and eastern 

mexicanus clades respectively, a biogeographically important finding because their point of contact (Fig. 1-

4) along the Pacific slope of the Sierra Madre Occidental just north of its juncture with the Sierra Madre del 

Sur represents the only known zone of overlap between these clades prior to recent range expansions. The 

extent to which graysoni and obscurus interbreed is unknown, but interestingly, these forms sing 

“noticeably different” songs (Johnson and Peer 2001) and represent the extremes of female plumage 

variation within Q. mexicanus, with graysoni being pale grey-buff and many female obscurus being nearly 

black (AFLAP pers. obs., Jaramillo and Burke 1999). 

 The sister relationship between palustris and the western mexicanus clade that we discovered, and 

the sister relationship between major and the eastern clade (see also DaCosta et al. 2008) render mexicanus 

paraphyletic on two counts. Although this result might lead some to question the specific status of both 

palustris and major, both species are morphologically and ecologically distinct, and their genetic 

divergences from the mexicanus clades to which they are most closely related are large in comparison to 

the average amounts of divergence we found within those clades and the 0.2% maximum found within 

major (DaCosta et al. 2008). Furthermore, interbreeding is rare enough between major and eastern 

mexicanus where their ranges now overlap along the Gulf Coast that they are distinct under the Biological 

Species Concept (Selander and Giller 1961, Post et al. 1996). Thus, interbreeding of the mexicanus clades 

likely reflects retention of ancestral compatibilities as seen also in geese (Paxinos et al. 2002). It seems 

likely that the morphological similarities, including large size and long tail, of the mexicanus clades, major, 

and palustris are indicative of their collective monophyly, and that the small size and short tail of niger 
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represents retention of ancestral characteristics also seen in lugubris; however, support for this 

constellation of relationships was weak. It is conceivable that the mexicanus-palustris and mexicanus-major 

clades are not sister taxa, and that the morphological similarity of niger to lugubris is a result of 

convergence or reversion to ancestral characteristics brought about through adaptation to the Caribbean 

island context.  

 The 1.3% average genetic divergence among niger samples was much greater than that seen 

within the mexicanus clades and major and the 0.3% known from quiscula (Zink et al. 1991). The 

magnitudes of divergences among islands suggest relatively great evolutionary independence among 

populations compared to these other species, and their pattern suggests a history of island colonization from 

Puerto Rico westward. However, this pattern could be coincidental, and additional sampling would be 

necessary to establish whether our samples characterize interisland haplotype differences (i.e., whether 

island populations are reciprocally monophyletic).  

 The 3.9% difference between haplotypes of lugubris samples from South America and the Lesser 

Antilles is a result we anticipated based on comments by Lovette et al. (1999). They reported that lugubris 

haplotypes in Barbados were identical to some in Trinidad, but that samples from St. Vincent and the rest 

of the Lesser Antilles differed from these by >3% in mtATPase sequences. This substantial genetic divide 

does not correspond to known patterns of morphological similarity among subspecies (e.g., the forms on 

Barbados and St. Vincent, which have blackish rather than brown female plumages, were once classified 

together as a species separate from all other lugubris ssp.; Peters 1921). Somewhat surprisingly, we found 

that nicaraguensis, which is morphologically and behaviorally distinct, is at most only marginally more 

genetically divergent from these lineages than they are from one another. Given the lack of support for 

resolving relationships among these three lineages and their apparently very long histories of evolutionary 

independence, the lugubris lineages are probably best regarded as separate species. The similar 

morphologies of Antillean lugubris, mainland lugubris, and niger suggest that their appearances are 

conserved from the common ancestor of all Quiscalus apart from quiscula. 

 1-4.2. Implications for higher-level relationships, grackle evolution, and biogeographic history.—

Our analyses produced a robust phylogeny for Quiscalus that contradicts some past suppositions about 

grackle relations. First, it does not support the use of the subgenera Holoquiscalus and Cassidix. The 

former is rendered paraphyletic, even if nicaraguensis were incorporated into it, by the closer relationship 

of niger to mexicanus, major, and palustris than to lugubris. The latter subgenus is polyphyletic due to the 

position of nicaraguensis; in addition, support for the monophyly of the remainder of Cassidix is only 

modest. Second, the species with the strongest ties to marsh habitat—palustris, major, nicaraguensis, and 

the peruvianus form of mexicanus—do not compose a clade, nor is it clear that this association is 

symplesiomorphic, as has been asserted (Selander and Giller 1961, Yang and Selander 1968). Third, the 

richly buff and pale plumage components of females in the aforementioned taxa (Selander and Giller 1961, 

Jaramillo and Burke 1999), and the strong sexual dimorphism of tail length in these species are likewise not 

indicative of close relationships. Finally, quiscula appears to be sister to all other Quiscalus, so the 
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hypothesis that it was derived from an ancestral niger isolated in Florida (Yang and Selander 1968) is 

not supported. 

 The basal divergences of Euphagus and quiscula suggest a continental North American origin for 

Quiscalus, but our phylogeny does not lend itself to simple inferences about the early biogeography of the 

genus (the sister to the Quiscalus-Euphagus clade, Dives (FKB and SML, unpubl. data), is represented by 

one species each in Central America, South America, and the Caribbean). Rather, it perhaps accurately 

reflects a history of dynamic fluctuations in distributions during the climatically dynamic late Pliocene and 

Pleistocene when diversification of the clade appears to have occurred. Such a history is expected given 

that grackles are water-associated creatures of savanna, woodland edge, and open marsh—ephemeral 

habitats that vary considerably in their distribution and extent over time—and, as seen from the range 

expansions of several species in the past century, they are capable of rapid population and distributional 

responses to habitat availability. 

 The curiously localized palustris appears to have diverged ~1.2 million years ago from its 

geographically distant sister, western mexicanus. Q. mexicanus is now common throughout the interior of 

Mexico, but until the last century, its distribution was more limited, and it was most common on the coastal 

plains (Christensen 2000). Consequently, eastern mexicanus, western mexicanus, and palustris had mostly 

allopatric distributions. It is the eastern clade, in the form of subspecies mexicanus, that has very recently 

spread into central Mexico where palustris once occurred. Whether these taxa ever came into contact is an 

interesting subject for speculation in light of questions of species limits and the possibility that ecological 

competition had a role in the extinction of palustris. The first modern occurrence of Q. mexicanus in the 

Valley of Mexico was in ~1960 at Xochimilco (Dickerman 1965), the same area to which palustris was 

confined in ~1890 when last reported in the valley (Peterson 1998). However, historical accounts indicate 

that, in ~1500, mexicanus was introduced to the valley from the Gulf Coast by the Aztecs (Haemig 1978). 

Common in ~1570, it perhaps declined over the next century and disappeared due to changes in land use 

(Christensen 2000). 

 The species of grackles, judging from pairwise divergences, appear to be quite recent in 

comparison to other congeneric North American birds (Klicka and Zink 1997), making them well suited to 

studies of processes related to speciation. The group allows for comparison of closely related species that 

have diverged substantially in size or in sexual size dimorphism, as well as those that are genetically 

divergent yet morphologically similar. Furthermore, range expansions in the past century have brought 

several of these formerly allopatric species and lineages into secondary contact or more extensive 

sympatry, thus allowing for study of interspecific (or interclade) interactions with respect to ecological 

competition, behaviors related to mate attraction and selection, and the consequences of interclade 

hybridization and introgression. In addition, phylogeographic and population genetic studies of mexicanus, 

niger, and lugubris are needed to better understand their present population structuring and evolutionary 

histories. We hope that this first complete species-level phylogeny of the grackles will stimulate further 

work on these and other aspects of the group’s evolution, ecology, and behavior. 
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Table 1-2. Dataset description, model parameter values, and analysis summaries for the two mtDNA 
datasets (ND2 with cytochrome b, and cytochrome b alone) used in reconstructing phylogenetic 
relationships among the grackles (Quiscalus spp.) and Euphagus blackbirds. For maximum likelihood 
(ML) and some Bayesian parameters, values are given for models with and without clock-like sequence 
evolution enforced. CI = ensemble consistency index, RI = ensemble retention index, πi = base frequency, 
Nst = number of substitution types, TI/TV ratio = transition/transversion ratio, piv = proportion of invariant 
sites, -ln(l) = negative natural log likelihood of best tree. 
 

 ND2 + cytochrome b cytochrome b  

Sequence length 2292 1251 

Number of variable sites 373 177 

 Parsimony Analyses 

Number of informative sites 189 97 

Number of trees 10 12 

Tree length 535 278 

CI 0.736 0.680 

RI 0.729 0.718 

 ML and Bayesian Analyses 

 ML (ML with clock) 
 [Bayes; with clock] 

ML (ML with clock) 
 [Bayes; with clock] 

Model of sequence evolution HKY+I a HKY+I a 

Number of  ML trees 1 (1) 2 (1) 

Tree length  0.283 (0.286)  
[0.313; 0.285] 

0.268 (0.265)  
[0.328; 0.272] 

πA 0.298 (0.299)  0.289 (0.292)  

πC 0.341 (0.342)  0.337 (0.339)  

πG 0.119 (0.119)  0.133 (0.128)  

πT 0.241 (0.241)  0.241 (0.241)  

Nst 2 2 

TI/TV ratio 8.18 (8.49) 8.94 (9.87) 

piv 0.739 (0.740) 0.797 (0.804) 

-ln(l) 6016.1 (6023.1)  
[5618.5; 5616.3] 

3236.0 (3242.9)  
[3022.8; 3021.8] 

 
a Hasegawa et al. 1985.
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Table 1-3. Genetic divergences (average pairwise %) among the grackles (Quiscalus spp.) and 
Euphagus blackbirds based upon analysis of cytochrome b (with adjoining spacer region and tRNA) 
under a maximum likelihood model of sequence evolution without enforcing molecular clock. Eastern 
and western clades of Q. mexicanus are listed separately. Average pairwise within-taxon divergences are 
shown on the diagonal for taxa with two or more samples. 
 

 1 2 3 4 5 6 7 8 9 
 1  E. carolinus –         
 2  E. cyanocephalus 4.7 –        
 3  Q. quiscula 6.8 7.2 –       
 4  Q. lugubris 7.4 8.3 4.4 3.9      
 5  Q. nicaraguensis 7.0 9.1 4.5 3.3 –     
 6  Q. niger 8.1 8.8 4.6 4.3 4.2 1.3    
 7  Q. major 6.8 8.3 4.7 3.9 3.8 2.9 –   
 8  Q. mexicanus E 7.5 9.1 4.9 4.1 3.7 3.1 1.4 0.5  
 9  Q. mexicanus W 7.2 8.6 5.7 4.6 4.5 3.6 2.9 3.1 0.3 
10 Q. palustris 7.4 8.3 4.9 4.1 3.9 2.9 2.6 2.8 2.0 
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Figure 1-1. Breeding distributions (after Ridgely et al. 2007) of the currently recognized grackles 
(Quiscalus spp.). Slender-billed Grackle (Q. palustris) was known from two small areas, both located 
approximately at the center of the cross-shaped symbol. The Caribbean island distributions of the 
Greater Antillean (Q. niger) and Carib (Q. lugubris) grackles occur on opposite sides of the slanted 
black bar.  



59

87

100

64

55

100/100
100/100

96/100
99/100

65/98
94/99

70/100
93/100

98/100
100/100

80/97
79/92

94

98

78/99
92/100

92/100
95/100

89/100
95/100

100/100
100/100

100/100

56/77
71/87

-/-
   60/81

64/99
69/98

93

53
92

98

81

52

100

91

68

56

54

58

68
90

75

Q. nicaraguensis - Nicaragua

Q. quiscula - USA: IL

E. cyanocephalus - USA: CA

E. carolinus - USA: IL

Q. mexicanus - Mexico: Distrito Federal

Q. mexicanus - Mexico: Guerrero

Q. mexicanus - Mexico: Jalisco

Q. mexicanus - USA: NM

Q. mexicanus - USA: TX

Q. mexicanus - Honduras

Q. major - USA: LA

Q. palustris - Mexico: Estado de México

Q. mexicanus - USA: CA, Calipatria

Q. mexicanus - USA: CA, Fillmore

Q. mexicanus - Mexico: Nayarit

Q. niger - Grand Cayman

Q. niger - Jamaica

Q. niger - Dominican Republic

Q. niger - Puerto Rico

Q. lugubris - Venezuela

Q. lugubris - Saint Vincent

0.01 substitutions per site

ML
clock Bayes

 17

Figure 1-2. Phylogeny of the grackles (Quiscalus spp.; rooted using Euphagus), determined from 
analysis of mitochondrial cytochrome b with adjoining spacer and tRNA sequence. Left: strict consen-
sus of 12 equally parsimonious trees with nonparametric bootstrap support values. Right: one of two 
best maximum likelihood trees without enforcing molecular clock. The relationships recovered within 
the eastern clade of Q. mexicanus differed according to the method of analysis; topologies found with 
clock-enforced maximum likelihood (ML) and with Bayesian analyses are shown at far right. Nonpara-
metric bootstrap support values followed by estimated Bayesian posterior probabilities (×100) of nodes 
without molecular clock enforced are shown above values with molecular clock enforced. Arrows 
connect support values to nodes when they could not be fitted above and below the adjacent branches. 
Nodal support was <50% when indicated with a dash or not given.
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Figure 1-3. Phylogeny of the grackles (Quiscalus spp.; rooted using Euphagus) determined from analysis 
of mitochondrial cytochrome b and ND2 gene sequences. Left: strict consensus of 10 equally parsimoni-
ous trees with nonparametric bootstrap support values. Right: single best maximum likelihood tree 
without enforcing molecular clock (where different, topology found with Bayesian analysis shown with 
dashed line. Nonparametric bootstrap support followed by Bayesian posterior probabilities (×100) of 
nodes without molecular clock enforced are shown above values with molecular clock enforced. Arrows 
connect support values to nodes when they could not be fitted above and below the adjacent branches. 
Nodal support was <50% when indicated with a dash or not given.
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Figure 1-4. Distributions in ~1960 of the subspecies of Great-tailed Grackle (Quiscalus mexicanus) in 
Mexico and the United States (after Selander and Giller 1961). Unlabeled dark shading indicates areas of 
range overlap. Dashed lines indicate state boundaries. 
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CHAPTER 2 

 
Empirical evaluation of partitioning schemes for phylogenetic analyses  

of mitogenomic data: an avian case study1,2 
 
 

SUMMARY  

Whole mitochondrial genome sequences have been used in studies of animal phylogeny for two decades, 

and current technologies make them ever more available, but methods for their analysis are lagging and 

best practices have not been established. Most studies ignore variation in base composition and 

evolutionary rate within the mitogenome that can bias phylogenetic inference, or attempt to avoid it by 

excluding parts of the mitogenome from analysis. In contrast, partitioned analyses accommodate 

heterogeneity, without discarding data, by applying separate evolutionary models to differing portions of 

the mitogenome. To facilitate use of complete mitogenomic sequences in phylogenetics, we (1) suggest a 

set of categories for dividing mitogenomic datasets into subsets, (2) explore differences in evolutionary 

dynamics among those subsets, and (3) apply a method for combining data subsets with similar properties 

to produce effective and efficient partitioning schemes. We demonstrate these procedures with a case study, 

using the mitogenomes of species in the grackles and allies clade of New World blackbirds (Icteridae). We 

found that the most useful categories for partitioning were codon position, RNA secondary structure 

pairing, and the coding/noncoding distinction, and that a scheme with nine data groups outperformed all of 

the more complex alternatives (up to 44 data groups) that we tested. As hoped, we found that analyses 

using whole mitogenomic sequences yielded much better-resolved and more strongly-supported hypotheses 

of the phylogenetic history of that locus than did a conventional 2-kilobase sample (i.e. sequences of the 

cytochrome b and ND2 genes). Mitogenomes have much untapped potential for phylogenetics, especially 

of birds, a taxon for which they have been little exploited except in investigations of ordinal-level 

relationships. 

 

 

                                                 
1 A version of this paper was published: 

Powell, A. F. L. A., F. K. Barker, and S. M. Lanyon. 2013. Empirical evaluation of partitioning 
schemes for phylogenetic analyses of mitogenomic data: an avian case study. Molecular Phylogenetics and 
Evolution 66:69–79. 
 
2 Acknowledgements: We thank J. C. Avise and D. Walker for purified mitochondrial samples of Agelaius 
and Molothrus, and the following institutions for maintaining and making available the other specimens 
that made this study possible: Academy of Natural Sciences of Drexel University, American Museum of 
Natural History, Field Museum of Natural History, Louisiana State University Museum of Natural Science, 
and the Marjorie Barrick Museum of Natural History. We thank S. A. Jansa and F. J. Cuthbert for 
comments on the manuscript. This study was supported in part by NSF DEB-0316092 to FKB and SML 
and by the University of Minnesota. 
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2-1. INTRODUCTION 

 Mitochondrial genomes (mitogenomes) are an attractive source of data for molecular phylogenetic 

studies of animal taxa. Because of their rapid time to coalescence, relatively high substitution rates, and 

large size (~17,000 bp), mitogenomes are more likely than other loci to evolve in concert with, and harbor 

evidence of, the population histories of species (Moore 1995). Moreover, their high copy number, haploidy, 

and lack of recombination make mitogenomes especially easy to obtain, sequence, and analyze (Avise 

1998, Berlin et al. 2004). Given their merits, we contend that mitochondrial DNA (mtDNA) sequences 

should be included as one marker among many (Fisher-Reid and Wiens 2011) in coalescent-based “species 

tree” and other multilocus analyses, rather than being abandoned for use in phylogeny construction, as 

some have advocated (e.g. Ballard and Whitlock 2004, Galtier et al. 2009; reviewed by Rubinoff and 

Holland 2005). Even as technological advances reduce the cost and difficulty of sequencing large numbers 

of nuclear loci, so should there be a concomitant increase in the use of mitogenomes, as they too are more 

readily acquired, whether intentionally or as by-products of genomic sequencing (e.g. Nabholz et al. 2010). 

Consequently, we argue that the routine practice of utilizing only 1–2 kilobases of mtDNA sequence in 

phylogenetic analyses should be replaced by the use of whole mitogenomes so as to take full advantage of 

the potential resolving power of the locus, especially with groups of closely-related organisms in which 

genetic distances are small. Although mitogenomic data have great potential, standards for their rigorous 

and objective use in phylogenetic analyses are currently lacking. 

 Of particular relevance to developing best methods for phylogenetic analyses of mitogenomes is 

that they exhibit heterogeneity in base composition and evolutionary rates at various scales across the 

molecule (Anderson et al. 1982, Cummings et al. 1995), which suggests that such analyses should benefit 

from data partitioning (Yang 1996, Nylander et al. 2004). Partitioning improves model fit by dividing 

alignments into relatively homogeneous sets of sites before selecting and optimizing a substitution model 

for each set independently. Nevertheless, data partitioning is not widely used with mitogenomes. To survey 

current practice, we examined 71 papers with phylogenies (Appendix 1-A), published in association with 

recent submissions of metazoan whole mitogenome sequences to Genbank, and found that only about a 

third employed a partitioning scheme. To further review practices of the researchers most likely to employ 

exemplary methods, we reviewed an additional 40 papers (Appendix 1-B), most published in the past 5 

years, which we selected for their focus on recovering phylogeny (rather than describing novel 

mitogenomes). We found that while 78% used some sort of partitioning—still a remarkably low proportion 

in our view—there was little uniformity of approach. Generally, protein-coding sites were sorted by gene 

and/or by codon position, and RNA sites by type, gene, and/or transcript structure (e.g. stems vs. loops), 

but other criteria (e.g. template strand, evolutionary rate) were used in some cases. Of greater concern, 

discussion of partitioning options, consideration of their evaluation, or references to model studies were 

generally lacking. Consequently, we found much unexplained variation among partitioned analyses; for 

example, the number of data subsets utilized ranged from two to 42, with a mode of five groups.  
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 One pervasive feature of mitogenomic studies is exclusion of data. Although some researchers 

have argued against that practice (Cameron et al. 2007, Kjer and Honeycutt 2007), of the 111 studies that 

we reviewed, under 10% made use of all alignable sequence positions. Most studies did not justify data 

omission, but those that did gave reasons of intragenomic heterogeneity, substitutional saturation, and 

unreliability of the signal from certain portions of the mitogenome—all problems that can be ameliorated 

with data partitioning (Cameron et al. 2007, Kjer and Honeycutt 2007). We were surprised to find no clear 

relationship between use of data partitioning and data exclusion: over half the studies that used full 

alignments used no partitioning, and many partitioned analyses discarded data, especially noncoding 

regions and RNA genes. In vertebrate studies, even those employing partitioning, it was common practice 

to exclude the ND6 gene (the only L-strand protein template) because of its markedly different base 

composition from other protein-coding genes.  

 In our view, partitioning should be favored over data exclusion as a strategy for dealing with 

heterogeneity within the mitogenome. However, the systematics community lacks a general strategy for 

selecting partitioning schemes for such datasets. Therefore, our primary goal for this study was to develop a 

procedure for partitioning mitogenomes that would make use of all alignable positions, accommodate 

among-site heterogeneity in base composition and evolutionary rates, and avoid overparameterization. In 

fulfilling this objective, we found inspiration in a method proposed by Li et al. (2008) for partitioning 

datasets composed of multiple nuclear protein-coding genes. The first steps in this approach include finely 

partitioning the data according to a priori categories, estimating evolutionary model parameter values for 

each subset, and grouping subsets with a clustering algorithm. The resulting clustering hierarchy is then 

used to define a nested set of alternative partitioning schemes, which are evaluated using tools derived from 

information theory. We believe that the procedure presented here, though more involved than current 

practices in mitogenomic phylogenetics, offers more explicit criteria for selecting a partitioning scheme and 

is efficient and flexible enough to serve as a model for future studies.  

 Another objective of this paper was to test the utility of whole mitogenome datasets for avian 

phylogenetics, particularly for resolving relationships among species within families that have undergone 

rapid diversification. Use of mitogenomes had a troubled early history in ornithology. The first studies, 

which examined interordinal relationships (Härlid et al. 1999, Mindell et al. 1999), generated results that 

were so at odds with other evidence and traditional views that they garnered considerable skepticism, both 

toward their findings and the general value of mitogenomic data (e.g. Johnson 2001). Whereas 

mitogenomes are often used within other vertebrate classes (e.g. Teleostei), they have remained unpopular 

in avian phylogenetics, even though the spurious results of early studies were later explained as artifacts of 

inadequate evolutionary models and taxon sampling (Braun and Kimball 2002, Slack et al. 2007). 

Moreover, avian mitogenomic studies have focused on higher-level relationships (e.g. Paton et al. 2002, 

Harrison et al. 2004, Gibb et al. 2007, Morgan-Richards et al. 2008, Pratt et al. 2009, Pacheco et al. 2011) 

even though such data likely have more promise for resolving recent divergences, which present fewer 

issues with signal saturation and inter-taxon base compositional heterogeneity. A new era of avian 
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mitogenomic phylogenetics may now be emerging as evidenced by the very recent publication of the 

first species-level mitogenomic phylogenies of select clades—15 crane species (Krajewski et al. 2010), 19 

Hawaiian honeycreepers and 28 related species (Lerner et al. 2011), and 9 swallows, (Cerasale et al. 2012). 

Incredibly, despite the fact that the order Passeriformes accounts for over half of extant bird species 

diversity, the mitogenomes of only ten passerines had been published prior to the last two studies. Our 

study adds to this roster by inferring relationships within a passerine subfamily, the grackles and allies 

clade of New World blackbirds (Icteridae), using newly sequenced mitogenomes of 23 species. 

 

 

2-2. METHODS 

2-2.1. Taxon sampling.—Most ingroup sampling (Table 1) was designed to infer relationships within a 

clade of New World blackbirds (Icteridae) that is endemic to South America (“group 1” of Johnson & 

Lanyon 1999). We included one individual from 16 of 19 recognized species, thereby representing 12 of 13 

genera (Gill & Donsker 2011, Remsen et al. 2010). Missing were Curaeus forbesi, Macroagelaius 

subalaris, and the monotypic Hypopyrrhus pyrohypogaster. To further examine generic relationships 

within the grackles and allies—the subfamily to which the South American clade belongs (Lanyon & 

Omland 1999)—we included one representative of each of the remaining six genera in that taxon. Recent 

molecular analyses of nine-primaried oscine phylogeny (Barker et al. submitted) found New World orioles 

sister to the grackles and allies, so we used Icterus mesomelas as an outgroup.  

 2-2.2. Laboratory procedures.—We obtained Agelaius phoeniceus and Molothrus aeneus 

specimens as purified mitochondrial DNA extracts, prepared as described by Lansman et al. (1981; samples 

provided by J. C. Avise & D. Walker). For all other species, we extracted genomic DNA from frozen tissue 

samples using a DNeasy Tissue Kit (Qiagen, Valencia, CA) following manufacturer’s instructions. We 

aimed first to amplify the complete mitochondrial genome of Agelaius phoeniceus in 11 overlapping 

fragments, each ~2000 bp in length, and then sequence the products with 21 complementary pairs of 

overlapping ~1000 bp reads. Some primers were unreliable or unsuccessful, and so were modified to 

achieve a better match. The resulting primer set was used for amplification and sequencing of the 

remaining blackbird taxa, but obtaining some fragments from some species required additional primers 

(Table 2-S1). 

 All reactions were performed in 12.5-μL aqueous solution with working concentrations of 

reagents as follows: 0.4 μM for each primer, 0.4 μM dNTP, 3 mM MgCl2, 1× Green GoTaq Flexi Buffer 

(Promega Corporation, Madison, WI), 0.025 units/μL GoTaq Hot Start DNA polymerase, and, when we 

suspected problems due to secondary structure formation in some rRNA-coding fragments, 1M glycine 

betaine. Cycling parameters for initial PCR were usually as follows: denaturation at 95°C for 2 min; 30 or 

35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 2 min; final extension at 72°C for 3 min. 

Sometimes, we used an annealing temperature of 58 or 60°C to increase primer specificity. For other 
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problematic amplifications, we used a touch-down protocol, substituting 5 cycles each at annealing 

temperatures of 58°C, 56°C, and 54°C, followed by 30 cycles at 52°C. In a few cases of non-specific 

priming, we ran PCR products in an agarose gel with tris-acetate-EDTA (TAE) buffer, excised the band 

corresponding to the desired product, and reamplified it prior to sequencing. We purified PCR products 

with enzymatic digestion following Werle et al. (1994) using exonuclease 1 and shrimp alkaline 

phosphatase (USB Corporation, Cleveland, Ohio), and sequenced them on an ABI 3700 automated 

sequencer (BigDye v3.1, Applied Biosystems, Foster City, California) at the Biomedical Genomics Center 

of the University of Minnesota.  

 2-2.3. Sequence and alignment editing.—We used Sequencher 4.7 (Genecodes, Ann Arbor, 

Michigan) to align and edit chromatograms of complementary reads and overlapping fragments to produce 

consensus sequences for each species. Following import into Geneious Pro 4.8.4 (Drummond et al. 2010), 

the consensus sequences were aligned with one another and Taeniopygia guttata (Genbank accession 

DQ422742.1; Mossman et al. 2006) using MUSCLE (Edgar 2004) with default settings and 8 iterations. 

We found no differences in gene ordering, and little local length variation among species, so we made 

minor corrections to the alignment by hand, using stop codons as landmarks, then annotated sequences for 

further use and Genbank submission using Taeniopygia as our reference for feature identification.  

 To prepare the aligned sequences for phylogenetic analyses, we removed Taeniopygia, realigned 

the sequences using MUSCLE, and made minor edits by hand to produce a consensus alignment totaling 

16,862 positions. We tried using Aliscore (Misof and Misof 2009) and Gblocks (Castresana 2000) to 

automate identification of alignment ambiguous portions, but neither program was as stringent as our own 

judgment, so we excluded many additional positions (but did not exclude all 1–3 bp indels, as 

recommended by Gblocks). Excluded sections were located in 12S and 16S rRNA, tRNA-Lys, several 

intergenic spacers, and the control region, and primarily consisted of areas with length variation around 

poly-C or highly variable stretches. In all, we excluded 185 positions, yielding a final alignment of 16,677 

positions for analysis.  

 2-2.4. RNA structure determination.—In order to classify bases in RNA genes as corresponding to 

paired versus unpaired positions (e.g. in helices versus loops) in their transcripts, we inferred the secondary 

structures of those molecules for Agelaius phoeniceus, then coded each position in the multitaxon 

consensus alignment accordingly. We used the Quikfold application on the DINAMelt server (Markham 

and Zuker 2005, 2008) and hand-fit comparisons to Gallus (Desjardins and Morais 1990) to infer tRNA 

structures of all species. To determine base pairing in rRNA gene transcripts, we fit the Agelaius sequence 

to structural models of 12S for Falco peregrinus (Mindell et al. 1997) and Harpactes ardens (Cannone et 

al. 2002), and, for lack of an avian model (but note Raposo do Amaral et al. 2010, published subsequent to 

our efforts), 16S models for Xenopus laevis (Cannone et al. 2002) and Bos taurus (Burk et al. 2002, Mears 

et al. 2006). Some discrete sections of Agelaius rRNA sequence were too divergent to allow for easy match 

to the models, so we used Quikfold to infer their structures.  
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 2-2.5. Exploration of data heterogeneity.—We conducted several analyses to discover overall 

patterns of variation within our dataset. We used χ2 tests to check for significant among-taxon variation in 

base composition (Gruber et al. 2007) at variable alignment positions. We also examined whether base 

composition and other evolutionary model parameter estimates differed among portions of the alignment 

for a sliding window of 500 bp. Parameter values for the HKY+G model (Hasegawa et al. 1985) were 

estimated using PAUP* 4.0b10 (Swofford 2002) for each sample of alignment positions on the best 

maximum likelihood tree for the unpartitioned dataset. Furthermore, we examined how evolutionary model 

parameters differed among subsets of sites grouped according to their function, strand location, gene 

identity and other categories described in our methods for data partitioning. 

 2-2.6. Data partitioning.—To start, we divided the sequence data into 48 subsets by sorting 

alignment positions according to all possible combinations of the following categories: noncoding/coding, 

heavy/light template strand, protein/RNA-coding, gene identity (done for rRNA and protein-coding genes 

only), codon position, and paired/unpaired bases in RNA secondary structure. Where alignment positions 

were shared by overlapping genes, we gave priority to protein-coding over RNA-coding, to paired over 

unpaired, and to gene order for protein-coding genes; we categorized stop codons with frameshifts as 

noncoding. For those and subsequent analyses, all positions were described according to the bases on the L-

strand.  

 To allow direct comparison of the evolutionary dynamics of the data subsets to one another, we 

estimated model parameter values for each subset under the TrN+G model (Timura and Nei 1993) in 

PAUP* on the best maximum likelihood tree for the unpartitioned dataset. We selected the TrN+G model 

after attempting to use the GTR+G model (Tavaré 1986); however, because of the close relationships 

between taxa in our study, some substitution classes (especially G-T and A-C transversions) were not 

observed within many data subsets, resulting in spurious parameter estimation under that more complex 

model. Using the TrN+G model yielded realistic parameter estimates for all but four subsets—three (ND6 

codon 1st positions, ATPase8 codon 1st positions, ATPase8 codon 2nd positions) that were deficient in some 

transitions, and one (tRNA L-strand paired positions) that had no transversions. We set those subsets aside 

during the next few steps of our procedure. The estimate of gamma shape for ND4 codon 3rd positions was 

infinity, and the A-G transition rate of ND3 codon 2nd positions was zero, so we substituted, respectively, 

the next highest and lowest estimates observed amongst the other subsets. 

 Next, we loge-transformed each parameter estimate, then standardized and ordinated them by 

principal component analysis (PCA) in R 2.10.1 (R Development Core Team 2010). We used the PCA axis 

scores as input for a clustering analysis of the data subsets based upon linkage by average pairwise 

Euclidean distance (UPGMA). Guided by the hierarchy of the resulting clustering dendrogram, we created 

a nested set of 44 partitioning schemes that ranged, by clustering the two most similar subsets in each step, 

from maximally partitioned (i.e. equivalent to the 44 data subsets used in the clustering analysis), to one 

subset less than maximally partitioned, and so forth through to the unpartitioned dataset. For each 

partitioning scheme, we estimated parameter values of the TrN+G model in PAML 4.4 (Yang 2007) on the 
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best maximum likelihood tree for the unpartitioned dataset, then applied the Bayesian information 

criterion (BIC; Schwarz 1978) to score the fits to the model and thereby decide which was best.  R scripts 

implementing our clustering evaluation are available on request from the authors. 

 Having chosen an optimal partitioning scheme under a uniform model parameterization, we 

identified the best substitution model for each data cluster using the BIC as implemented in jModelTest 

0.1.1 (Posada 2008). To re-incorporate the four data subsets that we had set aside, we took each subset in 

turn and calculated its likelihood in PAUP* on the best maximum likelihood tree for the unpartitioned 

dataset, using parameter values estimated for the best model for each data cluster, then pooled the subset 

with whichever cluster it best fit as judged by the BIC. Prior to phylogenetic analysis, jModelTest was 

again used to select the best substitution model for each of the amended clusters. 

 To directly compare the performance of our best scheme to some alternatives from the literature, 

we reanalyzed our dataset using our methods and those of other mitogenomic studies after following their 

practice of first excluding all noncoding sequences and the ND6 gene. These analyses were performed in 

PAML using the TrN+G model for all data subsets, and results were scored with the BIC. 

 2-2.7. Phylogeny inference.—We inferred phylogenetic relationships among the sampled taxa 

under maximum parsimony, maximum likelihood (ML), and Bayesian criteria, using both the unpartitioned 

and the partitioned datasets. Parsimony analysis was executed in PAUP* using a heuristic search with 

10,000 addition sequence replicates and tree bisection and reconnection (TBR) branch swapping. Nodal 

support was assessed, after excluding uninformative characters, with 500 nonparametric bootstrap 

replicates using TBR and 10 addition-sequence replicates each. Heuristic searches for the ML tree were 

conducted in GARLI 1.0 (Zwickl 2006) using the unpartitioned dataset, and in GARLI-PART 0.97 (Zwickl 

2006) with partitioned data, using 50 random starting points; nodal support was similarly evaluated with 

500 bootstraps, each starting from a random starting point. To infer phylogenies with Bayesian methods, 

we used MrBayes-3.1.2 (Huelsenbeck and Ronquist 2001, Ronquist and Huelsenbeck 2003) with 

Metropolis coupling (four chains with default heating), sampling every 100 generations. Tracer 1.4.1 

(Rambaut and Drummond 2007) and the AWTY server (Wilgenbusch et al. 2004) were used to check that 

effective sample sizes for parameter estimation in these analyses were adequate (i.e. >200) and that 

estimates of nodal posterior probability had converged. We ran the unpartitioned analysis for three million 

generations with a burn-in of 1000 samples, and the partitioned analysis for 12 million generations with a 

10,000 sample burn-in. To allow comparison of the inferential power obtained using whole mitogenomes to 

that from a dataset of conventional size and composition, we analyzed the combined sequences of 

cytochrome b and NADH dehydrogenase subunit 2 (ND2) using the same methods as for the unpartitioned 

ML analysis of the whole mitogenomes.  

 

2-3. RESULTS 

 Our results are organized sequentially around three overall topics. In section 2-3.1 and Appendix 

2, we describe the mitogenomes of the grackles and allies with respect to their organization, composition, 
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and variation. These details, little reported for birds (especially passerines), are relevant to 

demonstrating the need for data partitioning, identifying and applying the categories used to subset the data 

in the initial steps of our partitioning procedure, and to consideration of whether transformations (e.g. RY-

coding) are needed. In section 2-3.2, we report on variation among data subsets, the relationship of that 

variation to the clustering hierarchy used to define partitioning options, and our discoveries as to which 

categories were most relevant to such variability, and thus, most useful for data partitioning. In section 2-

3.3, we present the phylogeny inferred from our dataset with particular attention to effects of partitioning 

and dataset size on topology and nodal support. 

 2-3.1.1 Sequencing and mitogenome organization.—Fragment amplification and sequencing was 

generally unproblematic. However, in six instances (particular fragments from particular taxa), we obtained 

likely pseudogenous sequences which did not match overlapping portions of adjoining fragments or other 

taxa; further effort, using different primers, yielded apparently correct products. The complete 

mitochondrial genomes ranged from 16,757 to 16,782 bp in length (Table 1); their consensus alignment 

totaled 16,862 positions. Gene order (Table 2-S2) was the same as Gallus (Desjardins and Morais 1990) 

and most other bird groups (Mindell et al. 1998). Protein-coding gene lengths, and the start and end 

sequences of RNA genes, were virtually identical to those of Taeniopygia, making identification of their 

boundaries unproblematic (see Appendix A2-1 for additional details).  

 2-3.1.2. RNA structures.—The transcribed tRNA sequences of all species folded into typical 

cloverleaf-shaped secondary structures with plausible acceptor stems and with anticodon loops that 

conform to the vertebrate mitochondrial genetic code. We found 12S rRNA in Agelaius phoeniceus to be 

structurally similar to that of Falco (Mindell et al. 1997). Although most base substitutions occurred in 

loops, helices had many as well. Even in places where the sequences were very different, they rarely 

differed in length, and even then, only in loops and usually only by 1–2 bp. Nearly all of the differences 

seen in stems involved both bases of a putative pair, or switches between C and T paired with G, reflecting 

a history of compensatory substitutions that conserved structural features. The Agelaius helices (Nos. 8, 23, 

24, 28, 47; see Mindell et al. 1997) and adjacent loops that were compositionally different enough to 

require analysis with Quikfold were found to be qualitatively similar in structure to their Falco homologs. 

All sequence length differences among Agelaius and the other blackbirds in our study (indels of 1–3 bp) 

were located in loops. For the most part, 16S rRNA from Agelaius was structurally similar to the Xenopus 

and Bos models; however, two portions—part of domain III, and the area between helices 42 and 44—were 

very divergent among the three taxa. We found the fit of Agelaius to the models in these areas (including 

two different proposals for domain III in Bos; Mears et al. 2006) to be ambiguous or undeterminable; these 

alignment positions (1810–1899, 2336–2348, 2371–2381) were pooled with unpaired positions in analyses. 

 2-3.1.3. Heterogeneity among taxa and across genomes.—Base composition of the whole 

mitogenomes (averaged across taxa: 32% A, 33% C, 13% G, 22% T) matched known avian and general 

vertebrate patterns (Broughton et al. 2001), including GC content of ~46%, and a deficit of G and T on the 

L-strand. Although base composition differed among taxa, and we found Dives to be significantly different 
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from the among-taxon average (see Appendix A2-2 for further details), the magnitudes of these 

heterogeneities were small and appeared not to affect inferred tree topology since they were uncorrelated 

with the phylogenetic patterns that we found. 

 Our sliding window analyses of base composition and evolutionary model parameter estimates 

revealed much regional variation across the alignment (Fig. 2-S1). We expected to find spatial patterning in 

that variation resulting from strand-asymmetric replication processes, as reported for other vertebrates, 

especially mammals (Faith and Pollock 2003, Krishnan et al. 2004, Gibson et al. 2005, Raina et al. 2005, 

Broughton and Reneau 2006), but we found no linear trends, such as compositional gradients, across 

comparable sites (e.g. codon 3rd positions). Such trends may not exist in these taxa; no origin of L-strand 

replication has been identified in birds (Desjardins and Morais 1990), and replication may initiate at many 

sites across the avian mitochondrial genome (Reyes et al. 2005; for further discussion, see Appendix A2-2) 

 We found substantial differences among sites grouped by functional type, which, to the extent that 

such types are not randomly distributed at a fine scale across the genome, might explain some patterns of 

regional variation. For example, protein genes generally have higher C and lower G content on the L-

strand, higher substitution rates, and moderate among-site rate heterogeneity (higher α) in comparison to 

RNA genes (Fig. 2-S1). The only L-strand template protein gene, ND6, has high A and C, and low G and T 

content (41% A, 39% C, 8% G, 11% T) in comparison to other parts of the genome. The non-coding 

control region exhibited very low transition bias. However, many of the biggest differences exist between 

sets of sites that are spatially intermixed (Fig. 1). In comparison to the overall genome, third positions of H-

strand template proteins have very high A, high C, low G, and low T content, and a high substitution rate 

(44% A, 39% C, 6% G, 11% T, tree length 1.89), whereas second positions are notable for their low A 

content, very high T content, and low substitution rate (19% A, 29% C, 13% G, 39% T, tree length 0.14). 

Equally notable are the differences between paired and unpaired RNA sites; paired sites have low A and 

high GC content and a low substitution rate (24% A, 26% C, 26% G, 24% T, tree length 0.19), whereas 

unpaired sites have high A and low GC content and evolve more quickly (44% A, 23% C, 10% G, 23% T, 

tree length 0.52).  

 2-3.2. Data partitioning and model selection.—Principal component analysis (PCA) of parameters 

from 44 data subsets revealed that the first three axes accounted for 96% of variation in model parameters 

(Table 2). The first axis, which was strongly positively correlated with T frequency and strongly negatively 

correlated with all other parameters, accounted for 83% of total variation. The second axis, primarily 

related to CT transition rate versus AG transition rate and C frequency, accounted for 8% of the variance. 

The third axis accounted for 5% of total variance and contrasts CT transition rate with A frequency. 

 All data subsets composed of codon 3rd positions grouped together separately from other subsets 

along the first PCA axis (Fig. 1), and they were collectively distinguished from other subsets at the highest 

level of the clustering hierarchy (Fig. 2). Correspondingly, partitioning the data into two clusters—one 

composed of codon 3rd positions, and the other of everything else—yielded a far greater improvement in 

likelihood and BIC score than did any additional partitioning; nevertheless, the optimal scheme along the 



 29
hierarchy, under BIC, was to partition into nine clusters (Fig. 3). The second partitioning step separated 

most codon 2nd positions from other sites and yielded the second largest improvement in model score. The 

order of remaining steps to the nine-cluster scheme, as dictated by the clustering hierarchy, was unrelated 

to their value for score improvement. All gains were quite small, but the largest subsequent improvements 

came from separating paired and unpaired RNA sites, codon 1st positions, and noncoding sequences from 

one another. The nine clusters of the optimal scheme were quite homogeneous with respect to codon 

position and RNA base-pairing (Table 3, Fig. 2). We also found that the data subsets that we set aside prior 

to the clustering analysis fit best into clusters that they matched with respect to those characteristics (Table 

3). 

 Reanalysis of our data, after first excluding the ND6 gene and noncoding positions, returned a 

nine-cluster partitioning scheme, similar to that for the complete dataset. The BIC score of that nine-cluster 

scheme was superior to all but one of the alternatives from other mitogenomic studies that we tested on the 

trimmed version of our dataset (Table 4). Partitioning by only codon position and RNA pairing, for a total 

of five data groups, allowed for a better fit than our scheme (ΔBIC = 17). Its performance further improved 

(ΔBIC = 104) after we applied partition-specific models, rather than the TrN+G model, within each 

scheme. In comparison, approaches that partitioned by protein gene, or by gene × codon, rather than by 

codon alone, were much inferior (ΔBIC ≈ 8495 and ≈ 1421 respectively), as were those that partitioned by 

rRNA gene and tRNA rather than by secondary structure pairing (ΔBIC ≈ 520). 

 2-3.3. Phylogeny inference.—Using the full dataset, tree topology (Fig. 4) differed very little 

according to analytical approach. Parsimony and likelihood analyses yielded single best trees, with all 

nodes dichotomously resolved. No conflicts were found among the strongly supported nodes of different 

analyses. Support was generally lacking for nodes at the base of the tree, and consequently, for the pattern 

of relationships among the genera Agelaius, Molothrus, and Nesopsar. On the other hand, all analyses 

found strong support for a clade comprising the South American endemic genera, and for a sister 

relationship between that clade and one composed of Dives, Euphagus, and Quiscalus. In general, nodal 

support values were lower in analyses of the partitioned dataset, though the greatest differences were at 

poorly supported nodes (Fig. 4).  

 Whole mitogenomes yielded a better resolved and more strongly supported tree in our comparison 

of unpartitioned ML analyses than that generated using a dataset of conventional size, consisting of 

cytochrome b and ND2 gene sequences (Fig. 5). In particular, with one exception, all nodes receiving ≥ 

50% bootstrap support in analyses of cytochrome b and ND2 attained bootstrap values of >95% in analyses 

of the full data set, whereas nodes with <50% support variously increased or decreased in support. With the 

mitogenomic dataset, we resolved all 20 nodes of a majority-rule consensus tree with bootstrap support 

>50%, and 17 of those with ≥70% support, whereas the conventional dataset resolved only 13 and 11 nodes 

at those thresholds. Of the 17 well-supported nodes in the mitogenomic analysis, 11 were equivalent to the 

well-supported nodes found with the conventional dataset, three were recovered in the latter with 35–54% 

support, and three were not found at all in that analysis (in single best trees) due to differences in tree 
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topology. Of the three nodes with <70% support using the mitogenomic analysis, two were not found in 

the conventional analysis due to differences in topology. Of the nine nodes with <70% support using the 

conventional dataset, five were not found in the mitogenomic analysis due to differences in topology. 

 

2-4. DISCUSSION 

 In this study, we present a method for partitioning mitogenomic datasets to optimize model-fitting 

during phylogenetic analyses, and we demonstrate the utility of whole mitogenome sequences for inferring 

better-resolved and more strongly-supported hypotheses of the phylogenetic history of that locus than 

possible using an exemplary 2-kilobase sample. In examining the mitogenomes of a clade of New World 

blackbirds (Icteridae), we found a great deal of variation in base composition and substitution rates among 

functional categories of sites. Such heterogeneity is typical of vertebrates and other animals, and thus calls 

for routinely partitioning mitogenomic datasets in phylogenetic analyses, yet only a minority of recent 

studies do so, and they utilize a wide array of (largely unjustified) approaches. We suggest several 

standards for best practice. 

 2-4.1. Mitogenomic dataset partitioning.—Our procedure for partitioning mitogenomes derives 

from a method first proposed by Li et al. (2008) for multiple protein-coding nuclear genes. The overall 

approach involves dividing the data into subsets based on a priori categories, then generating a tractable set 

of alternatives for combining those subsets into homogenous clusters, and finally, selecting the best from 

among that set of schemes. Though designed to yield an efficient and effective solution, like any heuristic 

method, this procedure does not promise discovery of the optimal partitioning scheme for a given dataset, 

even from amongst the universe of possible combinations of the predefined data subsets; in fact, for a 

modified version of our dataset that lacked ND6 and noncoding positions, our procedure failed to match or 

better a previously-published (though not widely utilized) scheme with five data groups (Table 4; Harrison 

et al. 2004, Phillips et al. 2010). 

 The component methods of our procedure likely impose a number of limitations on its ability to 

accomplish globally optimal solutions. First, as with all partitioning methods, the effectiveness of the final 

scheme is limited by how well the categories used to define data subsets capture the variation in 

evolutionary tendencies that exists among individual sites. Second, the parameter values used to describe 

data subsets are point estimates that may be imprecise, especially for subsets with few variable sites or for 

which the model applied (in our study, TrN+G) is a nonoptimal parameterization. Third, clustering is 

critical to making our procedure practical by reducing the dimensions of subset variation to a single set of 

summary distance measures, but doing so is a drastic simplification and some particulars of the outcome 

may be sensitive to the algorithm employed. Also, strict adherence to the structure of the clustering 

hierarchy entailed designating several small groupings of data subsets as clusters in our final partitioning 

scheme. These clusters had few variable sites (clusters 7–9; Table 3), so were nearly devoid of 

phylogenetic signal. Consequently, they had negligible effect on likelihood but added many parameters to 

the final scheme and thus compromised BIC score performance. We did not take the trouble to do so 
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(because it would not have improved phylogeny inference), but a step could be added to our procedure 

to combining each such “empty” cluster with whichever larger cluster it had the best likelihood fit.  

 Despite its limitations, the approach advocated here should reliably yield near-optimal partitioning 

schemes—as it did for our dataset—because it is designed to maximize within-cluster data homogeneity, 

which we expect is the strongest determinant of performance. Although apportioning data into 

homogeneous groups is ostensibly the goal all partitioning efforts, most studies that we reviewed either 

employed a single approach without explaining its merits, or they tested a very limited set of alternatives, 

often erring on the side of the most complex scheme with its better likelihood score. Some strategies were 

apparently products of faulty reasoning, for example those that grouped genes by their name (i.e. all ND 

versus COX versus ATPases; e.g. Okajima and Kumazawa 2009, Podnar et al. 2009), or data subsets 

according to their best-fit model parameterization (i.e. HKY versus GTR etc; e.g. Mulcahy and Macey 

2009) rather than similarity of parameter values. 

 Perhaps the best feature of the partitioning method presented here is that it does not presuppose 

which of the categories used to initially define data subsets are most strongly correlated with variation in 

evolutionary processes. Rather, it makes those determinations through explicit testing. For example, a 

notable feature of the partitioning scheme for our dataset is that the data clusters are quite homogeneous 

with respect to codon position and RNA secondary-structure pairing. In effect, we created a close 

approximation of the five data group scheme that bettered our own (Table 4), so our results provide explicit 

empirical justification (heretofore lacking) for that simple scheme and suggest that it deserves wider use (It 

was employed in only four of the 111 studies that we reviewed—Harrison et al. 2004; Gibb et al. 2007; 

Phillips et al. 2006, 2010), perhaps after adding a sixth category for noncoding sequences. Moreover, our 

analysis allows us to reject, at least for our dataset, a number of popular partitioning categories. Many 

studies partition proteins by gene, but we found that data subsets did not cluster by gene (Fig. 2), that 

partitioning proteins by gene performed very poorly (Table 4), and that partitioning proteins by gene in 

addition to codon position added tremendous complexity with comparatively little improvement in 

likelihood. Likewise, partitioning rRNA by gene, or RNA into rRNA and tRNA, brought little benefit. We 

also found that template strand was a fairly unimportant dimension for both RNA and protein-coding 

genes, though many studies presume its relevance when choosing to exclude the ND6 gene. Finally, our 

analysis indicates that evolutionary rate by itself is not a good basis for clustering; for example, noncoding 

sequences, codon 3rd positions, and unpaired RNA positions, though all rapidly evolving, did not group 

together in our analysis of overall similarity.  

 We do not yet know the extent to which the results of our procedure as applied to our dataset may 

be similar to those for datasets from other animal taxa or with greater taxonomic scope. We suspect, given 

that the final partitions correspond to conserved organizational attributes of vertebrate mitogenomes, that 

broad commonalities will be found. Some features may be universal. Our findings that codon positions 

clustered together, and that partitioning 3rd positions from all other sites provided the largest improvement 

in model fit, were identical to the results of Li et al. (2008), even though they used a very different 



 32
dataset—ten nuclear genes from a broad taxonomic sample of ray-finned fishes (Actinopterygii). 

Nevertheless, because our method is flexible and adaptable, it does not require other datasets to behave like 

ours. Furthermore, should other datasets require additional processing prior to phylogenetic analysis, those 

treatments might be incorporated into our procedure. For example, studies with broader taxonomic scope 

sometimes confront effects of saturation and significant differences in base composition among taxa, either 

of which can undermine phylogeny estimation if not addressed. We note that remedial strategies such as 

RY-coding (Phillips and Penny 2003, Gibson et al. 2005) could be applied to partitions after using our 

methods to define them.  

 2-4.2. Best practices in phylogenetic analyses of mitogenomic data.—Partitioning benefits 

phylogenetic analyses of mitogenomes in two interrelated ways. First, by improving model-fit for such 

demonstrably heterogeneous data sets, evolutionary dynamics that might bias unpartitioned analyses are 

accommodated. Second, partitioning may obviate the unfortunate practice of selectively purging or 

transforming data to reduce heterogeneity, and thereby maximize dataset size and utilization of 

phylogenetic signal. Our analysis of blackbird mitogenomic data indicates that, at a minimum, the best 

partitioning schemes recognize codon position, base-pairing in RNA, and non-coding regions. Although 

each of these categories has been employed in previous studies, to our knowledge our analysis provides the 

most explicit justification for their importance relative to other alternatives (e.g. coding strand, gene 

identity, evolutionary rate, location along molecule, or complex idiosyncratic combinations thereof) and 

demonstration of their combined superiority over other schemes. We note that coding positions within 

RNA genes according to base-pairing in their transcripts is a tedious process when done by carefully hand-

fitting them to structural models. An efficient alternative is to make protein and RNA structural annotations 

to an exemplar genome, align multiple genomes, and then map the coding and structural assignments of the 

exemplar to the others. That procedure works quite well for closely related species, such as the set of 

blackbirds sampled here, but for more distantly-related taxa, substantial editing of the alignment may be 

necessary (Kjer 1995). To streamline this process for analyses of birds (especially closely-related 

passerines), we provide (available from authors upon request) a gene and structural annotation of the 

Agelaius phoeniceus mitogenome. 

 We found it almost universal practice to exclude non-coding regions and the ND6 gene. Most 

studies also leave out all RNA sequences to avoid their differing base compositions and evolutionary rates 

in comparison to the H-strand proteins. Likewise, it is common practice to translate protein-coding genes 

into amino acids, sometimes simply to avoid differences in evolutionary characteristics among codon 

positions. In taxa where significant rearrangements and duplications around the control region raise 

questions of orthology (e.g. Abbott et al. 2005), or when significant base compositional heterogeneity 

exists among taxa (e.g. Gibson et al. 2005), data exclusion or transformation may be justified; otherwise, 

we suggest using all alignable positions with appropriate partitioning to account for their distinctiveness.  

 Generally, inclusion of more data—provided their evolution is adequately modeled—should foster 

less biased and more accurate inferences of phylogeny. That was certainly the case for our study when the 
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results of analyses using our exhaustive whole mitogenome (>16 kb) dataset are compared to those 

based on our cytochrome b with ND2 (2-kb) dataset, which has often been considered an exemplary sample 

of the mitochondrial locus. Six of 17 nodes that were resolved with strong support using the full dataset did 

not have strong support using the smaller one, and three were not recovered by its single best topology or 

bootstrap consensus (with even plurality support). On the other hand, although we expect their inferences 

of phylogeny to be more reliable, there is no reason to expect that better-fitting models will yield higher 

nodal support, which is sometimes erroneously used as an optimality criterion for model selection or 

misinterpreted as a measure of inference accuracy. In fact, in our partitioned analyses, support values were 

generally slightly lower than in unpartitioned analyses, though strongly-supported nodes were little 

affected. This result suggests that model underparameterization led to overconfidence in nodal support 

values. 

 2-4.3. Conclusions.—Our review of current practices for phylogenetic analysis of the 

mitochondrial genome revealed that most studies employ unsophisticated approaches that do not 

adequately account for its internal heterogeneities or fully exploit the locus. No explicitly recognized or de 

facto standards for dataset partitioning exist among otherwise exemplary studies. We present a method 

(adapted from Li et al. 2008) for developing efficient, effective, and empirically justified partitioning 

schemes for such datasets, and we suggest that certain categories, such as codon position and RNA 

secondary-structure base-pairing, may be more salient than others for dataset partitioning. Greater use of 

species-tree methods in phylogenetics will reduce interest in partitioning methods that achieve efficiency 

by grouping sites from different genetic loci (as in Li et al. 2008), but the utility of partitioning within the 

mitochondrial locus will remain. As mitogenomic datasets become commonplace, we encourage use of 

these methods to take full advantage of the historical signal that they contain. 

 

 

 



  
34

T
ab

le
 2

-1
. S

pe
ci

m
en

s s
eq

ue
nc

ed
 fo

r i
nf

er
rin

g 
ph

yl
og

en
et

ic
 re

la
tio

ns
hi

ps
 w

ith
in

 th
e 

gr
ac

kl
es

 a
nd

 a
lli

es
 su

bf
am

ily
 o

f N
ew

 W
or

ld
 b

la
ck

bi
rd

s (
Ic

te
rid

ae
). 

 

Ta
xo

n 
En

gl
is

h 
na

m
ea  

Sp
ec

im
en

b 
C

ol
le

ct
in

g 
lo

ca
lit

y 
M

ito
ge

no
m

e 
le

ng
th

 (b
p)

 
G

en
B

an
k 

nu
m

be
r 

Ic
te

ru
s 

m
es

om
el

as
 

Ye
llo

w
-ta

ile
d 

O
rio

le
 

LS
U

M
Z 

10
92

79
 

Pa
na

m
a:

 D
ar

ié
n 

—
c 

JX
51

60
68

 

A
ge

la
iu

s 
ph

oe
ni

ce
us

 
R

ed
-w

in
ge

d 
Bl

ac
kb

ird
 

BB
-9

6 
To

rd
of

f 
U

SA
: M

in
ne

so
ta

 
16

77
5 

JX
51

60
62

 

N
es

op
sa

r n
ig

er
rim

us
 

Ja
m

ai
ca

n 
Bl

ac
kb

ird
 

FM
N

H
 3

31
15

0 
Ja

m
ai

ca
: P

or
tla

nd
 

16
78

0 
JX

51
60

54
 

M
ol

ot
hr

us
 a

en
eu

s 
B

ro
nz

ed
 C

ow
bi

rd
 

B
B

-7
3 

Ja
m

es
 

M
ex

ic
o:

 P
ue

bl
a 

 
16

75
7 

JX
51

60
67

 

D
iv

es
 d

iv
es

  
M

el
od

io
us

 B
la

ck
bi

rd
 

M
BM

 7
10

0 
H

on
du

ra
s:

 C
op

án
 

16
76

6 
JX

51
60

61
 

E
up

ha
gu

s 
cy

an
oc

ep
ha

lu
s 

Br
ew

er
's

 B
la

ck
bi

rd
 

FM
N

H
 3

42
00

0 
 

U
SA

: C
al

ifo
rn

ia
  

16
76

5 
JX

51
60

72
 

Q
ui

sc
al

us
 q

ui
sc

ul
a 

C
om

m
on

 G
ra

ck
le

 
FM

N
H

 3
41

73
3 

U
SA

: I
llin

oi
s 

16
76

8 
JX

51
60

64
 

La
m

pr
op

sa
r t

an
ag

rin
us

 
V

el
ve

t-f
ro

nt
ed

 G
ra

ck
le

 
A

N
S

P
 1

77
92

1 
LS

U
M

Z 
B-

10
35

05
 

P
er

u:
 L

or
et

o 
—

d 
JX

51
60

57
 

M
ac

ro
ag

el
ai

us
 im

th
ur

ni
 

G
ol

de
n-

tu
fte

d 
M

ou
nt

ai
n 

G
ra

ck
le

 
FM

N
H

 3
39

78
3 

Ve
ne

zu
el

a:
 B

ol
ív

ar
 

16
76

8 
JX

51
60

73
 

G
ym

no
m

ys
ta

x 
m

ex
ic

an
us

 
O

rio
le

 B
la

ck
bi

rd
 

FM
N

H
 3

39
74

3 
Ve

ne
zu

el
a:

 F
al

có
n 

16
78

1 
JX

51
60

75
 

A
m

bl
yr

am
ph

us
 h

ol
os

er
ic

eu
s 

Sc
ar

le
t-h

ea
de

d 
Bl

ac
kb

ird
 

FM
N

H
 3

34
66

2 
Bo

liv
ia

: E
l B

en
i 

16
76

8 
JX

51
60

63
 

C
ur

ae
us

 c
ur

ae
us

 
Au

st
ra

l B
la

ck
bi

rd
 

AM
N

H
 8

26
15

6 
C

hi
le

: M
ag

al
la

ne
s 

16
77

1 
JX

51
60

70
 

G
no

rim
op

sa
r c

ho
pi

 
C

ho
pi

 B
la

ck
bi

rd
 

FM
N

H
 3

34
67

9 
Bo

liv
ia

: S
an

ta
 C

ru
z 

16
77

5 
JX

51
60

55
 

A
ge

la
st

ic
us

 th
ili

us
 

Ye
llo

w
-w

in
ge

d 
Bl

ac
kb

ird
 

FM
N

H
 3

34
61

5 
Bo

liv
ia

: O
ru

ro
 

16
77

1 
JX

51
60

69
 

A
ge

la
st

ic
us

 x
an

th
op

ht
ha

lm
us

 
Pa

le
-e

ye
d 

Bl
ac

kb
ird

 
FM

N
H

 3
24

09
4 

Pe
ru

: M
ad

re
 d

e 
D

io
s 

16
76

9 
JX

51
60

59
 

A
ge

la
st

ic
us

 c
ya

no
pu

s 
U

ni
co

lo
re

d 
Bl

ac
kb

ird
 

FM
N

H
 3

34
63

6 
Bo

liv
ia

: E
l B

en
i 

16
77

1 
JX

51
60

76
 

A
ge

la
io

id
es

 b
ad

iu
s 

Ba
yw

in
g 

FM
N

H
 3

30
80

1 
Br

az
il:

 R
io

 G
ra

nd
e 

do
 S

ul
 

16
77

4 
JX

51
60

74
 

O
re

op
sa

r b
ol

iv
ia

nu
s 

Bo
liv

ia
n 

Bl
ac

kb
ird

 
FM

N
H

 3
34

68
7 

Bo
liv

ia
: E

l B
en

i 
16

77
7 

JX
51

60
58

 

C
hr

ys
om

us
 ru

fic
ap

ill
us

 
C

he
st

nu
t-c

ap
pe

d 
Bl

ac
kb

ird
 

FM
N

H
 3

30
77

5 
Br

az
il:

 R
io

 G
ra

nd
e 

do
 S

ul
 

16
77

3 
JX

51
60

56
 

C
hr

ys
om

us
 ic

te
ro

ce
ph

al
us

 
Ye

llo
w

-h
oo

de
d 

Bl
ac

kb
ird

 
FM

N
H

 3
39

77
2 

Ve
ne

zu
el

a:
 S

uc
re

 
16

77
3 

JX
51

60
60

 

X
an

th
op

sa
r f

la
vu

s 
Sa

ffr
on

-c
ow

le
d 

Bl
ac

kb
ird

 
FM

N
H

 3
30

74
7 

Br
az

il:
 R

io
 G

ra
nd

e 
do

 S
ul

 
16

77
3 

JX
51

60
65

 

P
se

ud
ol

ei
st

es
 g

ui
ra

hu
ro

 
Ye

llo
w

-ru
m

pe
d 

M
ar

sh
bi

rd
 

FM
N

H
 3

30
79

5 
Br

az
il:

 R
io

 G
ra

nd
e 

do
 S

ul
 

16
77

0 
JX

51
60

71
 

P
se

ud
ol

ei
st

es
 v

ire
sc

en
s 

Br
ow

n-
an

d-
ye

llo
w

 M
ar

sh
bi

rd
 

FM
N

H
 3

30
79

6 
Br

az
il:

 R
io

 G
ra

nd
e 

do
 S

ul
 

16
76

9 
JX

51
60

66
 



  
35

a 
G

ill
 a

nd
 D

on
sk

er
 2

01
1 

b 
Sp

ec
im

en
s w

ith
 “

B
B

” 
co

de
s a

re
 u

nv
ou

ch
er

ed
 a

nd
 w

er
e 

ob
ta

in
ed

 fr
om

 J.
 C

. A
vi

se
 a

nd
 D

. W
al

ke
r; 

al
l o

th
er

 c
od

es
 a

re
 m

us
eu

m
 c

at
al

og
 n

um
be

rs
. W

he
n 

tis
su

e 
an

d 
sk

in
 sp

ec
im

en
s a

re
 h

ou
se

d 
at

 d
iff

er
en

t i
ns

tit
ut

io
ns

, b
ot

h 
ar

e 
lis

te
d.

 A
bb

re
vi

at
io

ns
: A

N
SP

 =
 A

ca
de

m
y 

of
 N

at
ur

al
 S

ci
en

ce
s o

f D
re

xe
l U

ni
ve

rs
ity

; A
M

N
H

 =
 

A
m

er
ic

an
 M

us
eu

m
 o

f N
at

ur
al

 H
is

to
ry

; F
M

N
H

 =
 F

ie
ld

 M
us

eu
m

 o
f N

at
ur

al
 H

is
to

ry
; L

SU
M

Z 
= 

Lo
ui

si
an

a 
St

at
e 

U
ni

ve
rs

ity
 M

us
eu

m
 o

f N
at

ur
al

 S
ci

en
ce

; M
B

M
 

= 
M

ar
jo

rie
 B

ar
ric

k 
M

us
eu

m
 o

f N
at

ur
al

 H
is

to
ry

.  
c 
In

co
m

pl
et

el
y 

se
qu

en
ce

d;
 m

is
si

ng
 tw

o 
po

rti
on

s t
ot

al
in

g 
~4

60
 b

p,
 o

ne
 fr

om
 th

e 
sp

ac
er

 fo
llo

w
in

g 
tR

N
A

th
r  th

ro
ug

h 
th

e 
fir

st
 p

ar
t o

f N
D

6 
(c

on
se

ns
us

 a
lig

nm
en

t 
po

si
tio

ns
 1

49
73

–1
52

73
), 

an
d 

th
e 

ot
he

r i
n 

th
e 

co
nt

ro
l r

eg
io

n 
(p

os
iti

on
s 1

63
11

–1
64

70
). 

d 
In

co
m

pl
et

el
y 

se
qu

en
ce

d;
 m

is
si

ng
 a

 ~
51

5 
bp

 se
ct

io
n 

fr
om

 th
e 

la
st

 p
ar

t o
f N

D
4 

th
ro

ug
h 

m
os

t o
f t

R
N

A
se

r  (c
on

se
ns

us
 a

lig
nm

en
t p

os
iti

on
s 1

12
99

–1
18

13
). 

 



  
36

T
ab

le
 2

-2
. P

rin
ci

pl
e 

co
m

po
ne

nt
s a

nd
 th

ei
r c

or
re

la
tio

ns
 w

ith
 th

e 
m

od
el

 p
ar

am
et

er
 e

st
im

at
es

 (w
ith

 T
rN

+G
 p

ar
am

et
er

iz
at

io
n)

 fr
om

 w
hi

ch
 th

ey
 w

er
e 

de
riv

ed
 in

 
an

al
ys

es
 o

f t
he

 c
om

po
si

tio
na

l a
nd

 e
vo

lu
tio

na
ry

 p
ro

pe
rti

es
 o

f 4
4 

po
rti

on
s o

f t
he

 m
ito

ch
on

dr
ia

l g
en

om
es

 o
f s

pe
ci

es
 in

 th
e 

gr
ac

kl
es

 a
nd

 a
lli

es
 su

bf
am

ily
 o

f N
ew

 
W

or
ld

 b
la

ck
bi

rd
s (

Ic
te

rid
ae

). 
A

bb
re

vi
at

io
ns

: π
i =

 fr
eq

ue
nc

y 
of

 b
as

e 
i, 

r ij
 =

 su
bs

tit
ut

io
n 

ra
te

 b
et

w
ee

n 
ba

se
s i

 a
nd

 j.
 

  
P

rin
ci

pa
l c

om
po

ne
nt

 a
xe

s 
 

1 
2 

3 
4 

5 
6 

7 
Ei

ge
nv

al
ue

 s
qu

ar
e 

ro
ot

s 
2.

48
70

 
0.

77
60

 
0.

60
80

 
0.

36
21

 
0.

30
13

 
0.

18
21

 
0.

07
84

 
P

ro
po

rti
on

 o
f v

ar
ia

nc
e 

0.
83

40
 

0.
08

12
 

0.
04

98
 

0.
01

77
 

0.
01

22
 

0.
00

45
 

0.
00

08
 

C
um

ul
at

iv
e 

pr
op

or
tio

n 
of

 v
ar

ia
nc

e 
0.

83
40

 
0.

91
50

 
0.

96
48

 
0.

98
25

 
0.

99
47

 
0.

99
92

 
1.

00
00

 
C

om
po

ne
nt

 c
oe

ffi
ci

en
ts

: 
 

   
   

π A
 

 −
0.

81
37

70
 

0.
29

96
50

 
 −

0.
45

01
60

 
0.

14
23

52
 

 −
0.

02
85

60
 

0.
12

10
57

 
0.

09
79

80
 

   
   

π C
 

 −
0.

76
42

00
 

 −
0.

44
50

10
 

0.
25

11
37

 
 −

0.
34

70
60

 
 −

0.
15

71
60

 
0.

07
44

07
 

0.
06

48
25

 
   

   
π T

 
0.

91
08

79
 

 −
0.

17
09

40
 

0.
14

92
72

 
 −

0.
01

52
20

 
0.

31
72

20
 

0.
10

63
73

 
0.

08
13

80
 

   
  r

A
G
 

 −
0.

66
16

20
 

 −
0.

57
03

80
 

0.
12

35
97

 
0.

47
01

39
 

0.
02

33
47

 
 −

0.
00

90
50

 
 −

0.
00

04
80

 
   

  r
C

T 
 −

0.
53

79
20

 
0.

55
13

83
 

0.
62

33
77

 
0.

12
97

78
 

0.
00

15
30

 
0.

02
94

64
 

0.
01

74
51

 
   

  G
am

m
a 

di
st

rib
ut

io
n 

sh
ap

e 
(α

) 
 −

0.
94

43
40

 
0.

03
17

70
 

 −
0.

05
09

50
 

 −
0.

13
36

50
 

0.
22

80
47

 
 −

0.
17

24
80

 
0.

07
07

67
 

   
  T

re
e 

le
ng

th
 

 −
0.

95
25

40
 

 −
0.

00
91

40
 

 −
0.

06
15

30
 

 −
0.

12
50

60
 

0.
21

06
68

 
0.

09
92

45
 

 −
0.

13
75

80
 

  



  
37

T
ab

le
 2

-3
. C

ha
ra

ct
er

is
tic

s o
f d

at
a 

se
ts

 a
nd

 su
bs

et
s u

se
d 

in
 p

hy
lo

ge
ne

tic
 a

na
ly

se
s o

f m
ito

ge
no

m
ic

 d
at

a 
fr

om
 th

e 
gr

ac
kl

es
 a

nd
 a

lli
es

 su
bf

am
ily

 o
f N

ew
 W

or
ld

 
B

la
ck

bi
rd

s (
Ic

te
rid

ae
). 

 
 

N
um

be
r o

f p
os

iti
on

s 
D

at
as

et
 

To
ta

l 
Va

ria
bl

e 
P

ar
si

m
on

y 
in

fo
rm

at
iv

e 

M
od

el
a 

P
ar

am
et

er
 v

al
ue

s 
fo

r M
L 

an
al

ys
is

 
(r

A
C
, r

A
G
, r

AT
, r

C
G
, r

C
T,

 r G
T)

,  
(π

A
,  π

C
,  π

G
,  π

T)
, p

iv
, α

 
D

at
a 

su
bs

et
 m

em
be

rs
hi

p 

C
lu

st
er

 1
 

37
94

 
29

50
 

20
57

 
TI

M
3+

I+
G

b 
(0

.4
3,

 2
8.

98
, 1

, 0
.4

3,
 1

7.
93

, 1
), 

(0
.4

26
, 0

.4
23

, 0
.0

42
, 0

.1
09

), 
0.

02
9,

 2
.1

05
 

C
od

on
 3

rd
 p

os
iti

on
s 

(a
ll)

 

C
lu

st
er

 2
 

27
73

 
50

3 
32

0 
G

TR
+I

+G
 

(0
.5

4,
 8

.9
8,

 0
.6

7,
 0

.0
0,

 1
5.

41
, 1

), 
(0

.3
00

, 0
.3

08
, 0

.2
13

, 0
.1

80
), 

0.
69

7,
 0

.7
41

 
C

od
on

 1
st
 p

os
iti

on
s 

of
 C

O
X

1–
2 

an
d 

N
D

1–
6 

C
lu

st
er

 3
 

24
51

 
13

8 
80

 
TI

M
3+

I+
G

b 
(4

.5
5,

 6
7.

93
, 1

, 4
.5

5,
 1

5.
65

, 1
), 

(0
.1

87
, 0

.2
99

, 0
.1

14
, 0

.4
00

), 
0.

86
5,

 0
.4

31
 

C
od

on
 2

nd
 p

os
iti

on
s 

of
 A

TP
6,

 
C

O
X2

–3
, N

D
1–

2,
 a

nd
 N

D
4–

5 

C
lu

st
er

 4
 

23
62

 
16

6 
90

 
K8

0+
I+

G
c 

(1
, 3

5.
25

, 1
, 1

, 3
5.

25
, 1

), 
(0

.2
5,

 0
.2

5,
 0

.2
5,

 0
.2

5)
, 0

.8
73

, 0
.7

15
 

R
N

A
 p

ai
re

d 
po

si
tio

ns
; c

od
on

 1
st
 

po
si

tio
ns

 o
f C

O
X

3 

C
lu

st
er

 5
 

21
44

 
34

0 
21

1 
Tr

N
+I

+G
b  

(1
, 1

0.
00

, 1
, 1

, 1
4.

71
, 1

), 
(0

.4
40

, 0
.2

32
, 0

.1
19

, 0
.2

09
), 

0.
68

9,
 0

.5
39

 
R

N
A 

un
pa

ire
d 

po
si

tio
ns

; c
od

on
 

2nd
 p

os
iti

on
s 

of
 N

D
6 

C
lu

st
er

 6
 

19
83

 
46

7 
28

2 
H

K
Y

+I
+G

 
(1

, 6
.6

9,
 1

, 1
, 6

.6
9,

 1
), 

(0
.2

92
, 0

.3
10

, 0
.1

41
, 0

.2
57

), 
0.

60
6,

 0
.5

72
 

N
on

co
di

ng
 p

os
iti

on
s;

 c
od

on
 1

st
 

po
si

tio
ns

 o
f A

TP
6,

 A
TP

8,
 N

D
4L

, 
an

d 
C

yt
 b

 

C
lu

st
er

 7
 

51
7 

10
 

3 
H

K
Y

+I
 

(1
, 6

.4
2,

 1
, 1

, 6
.4

2,
 1

), 
(0

.1
80

, 0
.2

74
, 0

.1
49

, 0
.3

97
), 

0.
96

1,
 N

A
 

C
od

on
 2

nd
 p

os
iti

on
s 

of
 C

O
X

1 

C
lu

st
er

 8
 

38
1 

9 
3 

H
KY

 
(1

, 2
2.

04
, 1

, 1
, 2

2.
04

, 1
), 

(0
.2

06
, 0

.2
56

, 0
.1

25
, 0

.4
13

), 
N

A
, N

A
 

C
od

on
 2

nd
 p

os
iti

on
s 

of
 C

yt
 b

 

C
lu

st
er

 9
 

27
2 

25
 

13
 

H
KY

+I
d  

(1
, 1

6.
31

, 1
, 1

, 1
6.

31
, 1

), 
(0

.1
54

, 0
.3

31
, 0

.1
34

, 0
.3

81
), 

0.
89

0,
 N

A
 

C
od

on
 2

nd
 p

os
iti

on
s 

of
 A

TP
8,

 
N

D
3,

 a
nd

 N
D

4L
 

U
np

ar
tit

io
ne

d 
m

ito
ge

no
m

e 
16

67
7 

46
08

 
30

59
 

TV
M

+I
+G

b 
(1

.4
2,

 1
6.

32
, 0

.9
8,

 0
.2

6,
 1

6.
32

, 1
), 

(0
.3

16
, 0

.3
29

, 0
.1

35
, 0

.2
20

), 
0.

61
2,

 0
.9

00
 

 

C
yt

oc
hr

om
e 

b 
an

d 
N

D
2 

21
84

 
75

4 
50

9 
TP

M
2u

f+
I+

G
b 

(2
.6

2,
 3

3.
58

, 2
.6

2,
 1

, 3
3.

58
, 1

), 
(0

.3
07

, 0
.3

67
, 0

.1
14

, 0
.2

12
), 

0.
57

3,
 1

.4
16

 
 

a 
A

bb
re

vi
at

io
ns

 a
s u

se
d 

in
 jM

od
el

Te
st

 0
.1

.1
 (P

os
ad

a 
20

08
). 



  
38

b 
G

TR
+I

+G
 m

od
el

 im
pl

em
en

te
d 

in
 M

rB
ay

es
. 

c 
H

K
Y

+I
+G

 m
od

el
 im

pl
em

en
te

d 
in

 M
rB

ay
es

.  
d 
Th

is
 w

as
 th

e 
2nd

-b
es

t m
od

el
 u

nd
er

 th
e 

B
IC

 (Δ
B

IC
 =

 1
.4

05
7,

 −
ln

L 
of

 5
77

.3
 v

er
su

s 5
80

.8
) i

n 
jM

od
el

Te
st

; t
he

 “
be

st
” 

m
od

el
, T

PM
3u

f+
I, 

w
as

 in
ap

pr
op

ria
te

ly
 

co
m

pl
ic

at
ed

 a
nd

 le
d 

to
 sp

ur
io

us
 p

ar
am

et
er

 e
st

im
at

es
. 



  
39

T
ab

le
 2

-4
. C

om
pa

ris
on

 o
f m

od
el

 fi
t f

or
 a

lte
rn

at
iv

e 
pa

rti
tio

ni
ng

 sc
he

m
es

 u
se

d 
in

 p
hy

lo
ge

ne
tic

 a
na

ly
se

s o
f m

ito
ch

on
dr

ia
l g

en
om

es
. S

co
re

s a
re

 b
as

ed
 o

n 
an

al
ys

is
  

of
 m

ito
ge

no
m

ic
 se

qu
en

ce
s (

ex
cl

ud
in

g 
no

nc
od

in
g 

po
si

tio
ns

 a
nd

 th
e 

N
D

6 
ge

ne
) f

ro
m

 th
e 

gr
ac

kl
es

 a
nd

 a
lli

es
 su

bf
am

ily
 o

f N
ew

 W
or

ld
 b

la
ck

bi
rd

s (
Ic

te
rid

ae
), 

us
in

g 
th

e 
Tr

N
+G

 su
bs

tit
ut

io
n 

m
od

el
. B

ol
de

d 
va

lu
es

 in
 c

ol
um

ns
 in

di
ca

te
 th

e 
pr

ef
er

re
d 

pa
rti

tio
ni

ng
 sc

he
m

es
 u

nd
er

 th
e 

sp
ec

ifi
ed

 o
pt

im
al

ity
 c

rit
er

ia
. 

 

P
ar

tit
io

ni
ng

 s
ch

em
e 

N
o.

 D
at

a 
gr

ou
ps

 
N

o.
  

P
ar

am
et

er
s 

−l
nL

 
BI

C
 

Δ
B

IC
 

A
IC

 
Δ

A
IC

 

C
od

on
 p

os
iti

on
, R

N
A 

4 
70

 
65

10
0 

13
08

73
 

43
7 

13
03

40
 

82
8 

C
od

on
 p

os
iti

on
, r

R
N

A,
 tR

N
A 

5 
77

 
65

07
7 

13
08

94
 

45
8 

13
03

08
 

79
6 

C
od

on
 p

os
iti

on
, R

N
A 

pa
ire

d,
 R

N
A 

un
pa

ire
d 

5 
77

 
64

84
8 

13
04

36
 

0 
12

98
50

 
33

8 
R

es
ul

t f
ro

m
 th

is
 s

tu
dy

 
9 

10
5 

64
72

2 
13

04
53

 
17

 
12

96
54

 
14

2 
Pr

ot
ei

n 
ge

ne
, R

N
A 

pa
ire

d,
 R

N
A 

un
pa

ire
d 

14
 

14
0 

68
79

3 
13

89
31

 
84

95
 

13
78

65
 

83
53

 
Pr

ot
ei

n 
ge

ne
, 1

2S
, 1

6S
, t

R
N

A 
15

 
14

7 
69

01
2 

13
94

37
 

90
01

 
13

83
17

 
88

05
 

C
od

on
 p

os
iti

on
 b

y 
pr

ot
ei

n 
ge

ne
, R

N
A 

pa
ire

d,
 R

N
A 

un
pa

ire
d 

38
 

30
8 

64
44

8 
13

18
57

 
14

21
 

12
95

12
 

0 
C

od
on

 p
os

iti
on

 b
y 

pr
ot

ei
n 

ge
ne

, 1
2S

, 1
6S

, t
R

N
A 

39
 

31
5 

64
68

2 
13

23
93

 
19

57
 

12
99

94
 

48
2 

 



  
40

T
ab

le
 2

-S
1.

 P
rim

er
s u

se
d 

fo
r a

m
pl

ify
in

g 
an

d 
se

qu
en

ci
ng

 m
ito

ch
on

dr
ia

l g
en

om
es

 o
f s

pe
ci

es
 in

 th
e 

gr
ac

kl
es

 a
nd

 a
lli

es
 su

bf
am

ily
 o

f N
ew

 W
or

ld
 b

la
ck

bi
rd

s 
(I

ct
er

id
ae

). 
Po

si
tio

n 
nu

m
be

rs
 re

fe
r t

o 
th

e 
L-

st
ra

nd
 se

qu
en

ce
 o

f A
ge

la
iu

s p
ho

en
ic

eu
s, 

st
ar

tin
g 

w
ith

 th
e 

fir
st

 p
os

iti
on

 o
f t

R
N

A
ph

e . R
ef

er
en

ce
s i

n 
pa

re
nt

he
se

s i
nd

ic
at

e 
pr

im
er

 se
qu

en
ce

s t
ha

t w
er

e 
al

te
re

d 
fr

om
 th

e 
or

ig
in

al
 p

ub
lis

he
d 

ve
rs

io
ns

. 
  

L-
st

ra
nd

 p
rim

er
s 

M
ito

ge
no

m
e 

fra
gm

en
t 

La
b 

la
be

l 
Pr

im
er

 s
eq

ue
nc

e 
Po

si
tio

ns
 3

'–
5'

 
G

en
e 

at
 

3'
 e

nd
 

R
ef

er
en

ce
a 

   
   

   
 P

rim
er

 p
ai

rs
 u

se
d 

fo
r m

os
t P

C
R

: 
1 

N
D

5e
m

b2
 

G
G

Y
C

TA
A

Y
C

A
A

A
G

C
C

TA
YC

TA
 

13
62

0–
13

60
0 

N
D

5 
B

ar
ke

r 2
00

4 
2 

L1
58

48
 

C
C

A
A

A
C

TA
C

G
AT

C
A

AT
R

A
C

Y
TT

C
C

G
 

14
63

2–
14

60
8 

C
yt

 b
 

(G
ro

th
 2

00
0)

 
3 

LC
R

3e
 

TC
C

AA
C

AG
C

C
TT

C
AA

G
AA

C
A 

15
98

8–
15

96
9 

C
R

 
(T

ar
r 1

99
5)

 
4 

L1
75

3 
AA

AC
TG

G
G

AT
TA

G
AT

A
C

C
C

C
AC

TA
T 

52
7–

50
3 

12
S 

So
re

ns
on

 e
t a

l. 
19

99
 

5 
L3

45
0_

Ag
ph

o 
G

AA
G

AC
C

C
TG

TG
G

A
A

C
TT

TA
A

 
22

00
–2

18
0 

16
S

 
Le

e 
et

 a
l. 

19
97

 
6 

L5
79

3 
AT

C
C

TA
G

C
C

TT
C

TC
C

TC
C

AT
C

TC
 

45
54

–4
53

2 
N

D
2 

 
7 

L7
61

2_
A

gp
ho

 
C

C
A

A
C

TG
G

AA
TC

A
A

A
G

TA
TT

C
A

G
C

TG
 

63
70

–6
34

5 
C

O
X1

 
 

8 
L8

74
0 

G
G

C
C

A
TT

TC
C

G
C

C
TA

C
TA

G
A

A
G

T 
75

06
–7

48
4 

C
O

X2
 

Le
e 

et
 a

l. 
19

97
 

9 
L1

01
67

_A
gp

ho
 

G
TA

C
A

A
A

A
A

G
G

AT
TA

C
G

AT
A

C
G

G
 

89
45

–8
92

3 
C

O
X3

 
 

10
 

L1
23

69
-m

od
 

G
C

TT
A

C
TC

AT
C

C
G

TM
A

G
C

C
A

Y
A

TA
G

G
 

11
15

0–
11

12
5 

N
D

4 
(S

or
en

so
n 

et
 a

l. 
19

99
) 

11
 

L1
29

76
 

C
AA

G
AA

C
TG

C
TA

AT
TC

TC
G

C
AT

C
TG

 
11

75
7–

11
73

3 
tR

N
A-

Se
r 

So
re

ns
on

 e
t a

l. 
19

99
 

   
   

   
 P

rim
er

s 
us

ed
 fo

r m
os

t s
eq

ue
nc

in
g 

(u
se

d 
in

 c
on

ju
nc

tio
n 

w
ith

 a
bo

ve
 P

C
R

 p
rim

er
s)

: 
1b

 
L1

54
10

 
TG

AG
G

C
G

G
AT

TC
TC

YG
TM

G
AC

AA
 

14
19

4–
14

17
2 

C
yt

 b
 

(G
ro

th
 2

00
0)

 
2b

 
po

ly
C

_f
or

 
C

C
C

C
C

C
C

C
A

G
TA

C
AT

TT
 

15
61

9–
15

60
3 

C
R

 
Ba

rk
er

 2
00

4 
3b

 
F3

04
_e

m
b 

C
TT

G
G

C
A

C
TG

AT
G

C
A

C
TT

TG
 

16
40

6–
16

38
7 

C
R

 
(B

ak
er

 &
 M

ar
sh

al
l 1

99
7)

 
3b

b 
po

ly
T_

fo
r 

TT
TT

TA
TT

TT
TT

TT
TA

TC
A

A
A

C
A

A
TA

A
A

A
C

C
 

16
57

7–
16

54
7 

C
R

 
B

ar
ke

r 2
00

4 
4b

 
L2

72
4_

Ag
ph

o 
AT

C
G

AG
C

TG
G

G
TG

AT
A

G
C

TG
 

14
79

–1
46

0 
16

S 
(S

or
en

so
n 

et
 a

l. 
19

99
) 

5b
 

L4
50

0_
al

t 
G

TA
G

C
M

C
A

A
A

C
A

A
TC

TC
M

TA
TG

A
A

G
 

32
50

–3
22

6 
N

D
1 

(S
or

en
so

n 
et

 a
l. 

19
99

) 
5b

b 
L3

82
7_

al
t 

G
C

A
A

TC
C

A
G

G
TC

G
G

TT
TC

Y
A

TC
 

25
76

–2
55

5 
16

S
 

(S
or

en
so

n 
et

 a
l. 

19
99

) 
6b

 
L6

95
8_

Ag
ph

o 
AA

C
AA

C
AT

AA
G

C
TT

C
TG

AC
T 

57
13

–5
69

4 
C

O
X1

 
(S

or
en

so
n 

et
 a

l. 
19

99
) 

7b
 

L8
23

2_
A

gp
ho

 
Y

TG
G

TT
TC

A
AG

C
C

A
A

C
C

G
C

 
69

90
–6

97
2 

tR
N

A
-S

er
 

(S
or

en
so

n 
et

 a
l. 

19
99

) 
8b

 
L9

23
3_

Ag
ph

o 
C

C
TG

AC
C

AT
G

AA
C

C
TA

AG
C

TT
C

TT
 

80
27

–8
00

4 
AT

P6
 

(S
or

en
so

n 
et

 a
l. 

19
99

) 
9b

 
L1

11
22

_A
gp

ho
 

C
A

A
G

G
C

G
G

A
C

TA
G

A
A

TG
A

G
C

A
G

A
 

99
00

–9
87

8 
N

D
3 

(S
or

en
so

n 
et

 a
l. 

19
99

) 



  
41

11
b 

L1
40

80
_A

gp
ho

 
TC

A
A

C
C

C
A

Y
G

C
M

TT
C

TT
TA

A
A

G
C

 
12

86
3–

12
84

1 
N

D
5 

(S
or

en
so

n 
et

 a
l. 

19
99

) 
   

   
   

 O
th

er
 P

C
R

 p
rim

er
s:

 
5 

F5
_g

ap
_f

or
 

G
G

G
TC

A
C

TA
TG

AT
A

A
A

G
TG

A
A

C
A

TG
G

 
38

31
–3

80
6 

tR
N

A
-Il

e 
 

6 
L5

79
3_

al
t 

A
TC

YT
AG

C
YT

TT
TC

C
TC

C
AT

TT
C

 
45

54
–4

53
2 

N
D

2 
 

   
   

   
 O

th
er

 s
eq

ue
nc

in
g 

pr
im

er
s:

 
2a

 
po

ly
C

_f
or

2 
C

C
C

C
C

C
C

C
A

G
TG

C
G

TT
T 

15
61

9–
15

60
3 

C
R

 
(B

ar
ke

r 2
00

4)
 

2 
be

fo
re

 p
ol

yC
 

N
D

6_
fo

r 
TG

C
AA

C
C

G
C

C
G

C
YA

C
AA

C
 

15
40

0–
15

38
3 

N
D

6 
 

3 
po

ly
T 

F3
04

_e
m

b 
(s

ee
 a

bo
ve

) 
 

 
 

4 
F4

_p
ol

yC
_f

or
 

C
C

C
C

C
C

C
C

C
AT

AA
AC

TA
AT

A 
97

5–
95

6 
12

S 
 

5b
_e

nd
 

L5
21

6_
Ag

ph
o 

G
C

C
C

AT
A

C
C

C
C

G
AA

AA
TG

 
39

76
–3

95
9 

tR
N

A
-M

et
 

(S
or

en
so

n 
et

 a
l. 

19
99

) 
11

a 
L1

29
76

_I
ct

m
es

 
C

G
A

G
A

A
C

TG
C

TA
A

C
TC

TT
G

TA
TC

TG
 

11
75

7–
11

73
3 

tR
N

A-
Se

r 
(S

or
en

so
n 

et
 a

l. 
19

99
) 

 
H

-s
tr

an
d 

pr
im

er
s 

 
 

 
 

M
ito

ge
no

m
e 

fra
gm

en
t 

La
b 

la
be

l 
P

rim
er

 s
eq

ue
nc

e 
(a

ct
ua

l, 
5'

–3
') 

P
os

iti
on

s 
3'

–5
' 

G
en

e 
at

 
3'

 e
nd

 
R

ef
er

en
ce

a 

   
   

   
 P

rim
er

 p
ai

rs
 u

se
d 

fo
r m

os
t P

C
R

: 
1 

H
16

06
5 

TT
C

AT
C

TC
C

G
G

TT
TA

C
AA

G
AC

 
14

84
8–

14
86

9 
tR

N
A-

Th
r 

H
el

m
-B

yc
ho

w
sk

i &
 C

ra
cr

af
t 1

99
3 

2 
BB

C
R

_R
ev

1 
C

C
AA

G
TG

TA
G

G
AG

G
TC

G
G

TA
T 

16
22

3–
16

24
3 

C
R

 
 

3 
H

18
61

-1
2s

d 
AT

C
G

AT
TA

C
AG

AA
C

AG
G

C
TC

C
TC

 
63

5–
65

7 
12

S 
R

ax
w

or
th

y 
et

 a
l. 

20
08

  
4 

H
37

54
 (t

ru
nc

) 
G

TT
A

AT
C

G
TT

G
A

A
C

A
A

A
C

G
A

A
C

C
 

25
03

–2
52

5 
16

S
 

 
5 

H
60

30
_A

gp
ho

 
TT

A
G

TT
A

G
TT

C
TT

G
G

AT
G

AT
G

AG
TC

A 
47

90
–4

81
5 

N
D

2 
 

6 
H

76
62

 
AG

G
AA

G
AT

G
AA

TC
C

TA
G

G
G

C
TC

A 
64

20
–6

44
2 

C
O

X1
 

Le
e 

et
 a

l. 
19

97
 

7 
H

90
36

 
TY

TA
G

C
TT

AA
AA

G
G

C
TA

R
C

G
C

 
78

02
–7

82
2 

tR
N

A-
Ly

s 
(S

or
en

so
n 

et
 a

l. 
19

99
) 

8 
H

10
44

1 
TA

TT
C

TA
TG

G
C

TT
G

G
AG

G
G

C
AG

T 
92

20
–9

24
2 

C
O

X3
 

 
9 

H
12

48
8_

Ag
ph

o 
AT

TC
G

AC
TG

TG
G

G
TT

C
G

TT
C

 
11

26
9–

11
28

8 
N

D
4 

(S
or

en
so

n 
et

 a
l. 

19
99

) 
10

 
L1

35
25

-re
vc

om
p 

G
AT

AT
G

AT
TC

C
TA

C
YC

C
TT

C
TC

AG
C

 
12

28
4–

12
30

8 
N

D
5 

(S
or

en
so

n 
et

 a
l. 

19
99

) 
11

 
H

15
10

3 
TC

AG
C

C
G

AA
TT

G
KA

C
G

TC
TC

G
G

C
A 

13
88

7–
13

91
0 

C
yt

B 
(G

ro
th

 2
00

0)
 

   
   

   
 P

rim
er

s 
us

ed
 fo

r m
os

t s
eq

ue
nc

in
g 

(u
se

d 
in

 c
on

ju
nc

tio
n 

w
ith

 a
bo

ve
 P

C
R

 p
rim

er
s)

: 
1a

 
H

15
70

9 
G

C
G

TA
G

G
C

G
AA

TA
G

G
AA

G
TA

TC
A 

14
49

3–
14

51
5 

C
yt

B 
Ba

rk
er

 2
00

4 
2a

 
po

ly
C

_r
ev

 
G

G
G

G
G

G
G

G
TG

G
A

G
TG

A
 

15
58

3–
15

59
8 

C
R

 
B

ar
ke

r 2
00

4 
3a

 
Em

b1
 (=

 H
88

6)
 

AA
TA

TG
TC

C
G

G
C

AA
C

C
AT

TA
C

A 
16

45
3–

16
47

4 
C

R
 

Ba
rk

er
 2

00
4 

3a
a 

po
ly

T_
re

v 
AA

AA
AA

AA
AA

AA
TG

AT
G

C
G

TA
AA

A 
16

51
6–

16
53

9 
C

R
 

Ba
rk

er
 2

00
4 



  
42

4a
 

H
28

26
_A

gp
ho

 
TT

C
TT

TT
TT

AA
AG

G
AG

C
TG

TA
C

C
 

15
73

–1
59

5 
16

S 
(S

or
en

so
n 

et
 a

l. 
19

99
) 

5a
 

H
46

44
_a

lt 
TC

G
AA

TG
G

G
G

C
R

C
G

G
TT

TG
TY

TC
 

33
94

–3
41

6 
N

D
1 

(S
or

en
so

n 
et

 a
l. 

19
99

) 
5a

a 
H

51
91

 
G

G
G

G
TA

TG
G

G
C

C
C

G
A

TA
G

C
 

39
51

–3
96

9 
tR

N
A

-M
et

 
So

re
ns

on
 e

t a
l. 

19
99

 
6a

 
H

70
32

_A
gp

ho
 

TT
G

C
C

TG
C

TA
G

TG
G

AG
G

G
TA

 
57

87
–5

80
6 

C
O

X1
 

(S
or

en
so

n 
et

 a
l. 

19
99

) 
7a

 
H

84
00

_A
gp

ho
 

AT
TA

TT
AG

G
G

R
G

TG
G

TC
G

TG
 

71
66

–7
18

5 
C

O
X2

 
(S

or
en

so
n 

et
 a

l. 
19

99
) 

8a
 

H
98

55
_A

gp
ho

 
AC

G
TA

G
G

C
YT

G
G

AT
TA

TT
G

C
TA

C
TG

C
 

86
26

–8
65

1 
AT

P6
 

(S
or

en
so

n 
et

 a
l. 

19
99

) 
9a

 
H

11
66

0_
A

gp
ho

 
A

G
G

G
G

AG
A

G
G

A
G

AT
TT

G
G

TC
 

10
44

1–
10

46
0 

N
D

4 
(S

or
en

so
n 

et
 a

l. 
19

99
) 

10
a_

re
v 

H
13

23
8_

Ag
ph

o 
G

G
TG

TT
TT

TG
AG

G
TT

G
TT

G
G

A 
11

93
2–

11
95

2 
N

D
5 

 
11

a 
H

14
12

7_
al

t 
G

TG
TT

C
C

TA
TT

AG
G

G
C

TA
G

G
 

12
98

4–
13

00
3 

N
D

5 
(S

or
en

so
n 

et
 a

l. 
19

99
) 

   
   

   
 O

th
er

 P
C

R
 p

rim
er

s:
 

1 
H

16
19

1-
P

as
s 

TC
TC

G
W

G
G

G
G

C
G

AT
TC

G
G

G
C

 
14

98
5–

15
00

4 
N

D
6 

(S
or

en
so

n 
et

 a
l. 

19
99

) 
5 

F5
_g

ap
_r

ev
 

G
A

G
AT

TA
AT

G
G

G
AG

G
AT

G
G

C
 

41
15

–4
13

4 
N

D
2 

 
   

   
   

 O
th

er
 s

eq
ue

nc
in

g 
pr

im
er

s:
 

2a
 

po
ly

C
_r

ev
2 

G
G

R
G

G
AT

G
AT

C
TA

G
G

C
G

TT
C

 
15

56
5–

15
58

4 
tR

N
A-

G
lu

 
 

2 
be

fo
re

 p
ol

yC
 

H
41

7 
AG

TA
G

C
TC

G
G

TT
C

TC
G

TG
AG

 
16

02
7–

16
04

6 
C

R
 

Ta
rr 

19
95

 
3 

po
ly

T 
H

12
48

 
C

AT
C

TT
C

AG
TG

TC
AT

G
C

T 
20

–3
7 

tR
N

A–
Ph

e 
Ta

rr 
19

95
 

4 
F4

_p
ol

yC
_r

ev
 

G
G

G
G

G
G

K
C

G
C

C
TG

C
G

A
 

94
4–

95
9 

12
S

 
 

5a
_e

nd
re

v 
H

41
69

_A
gp

ho
 

C
TA

C
TA

AT
G

TG
AG

G
AA

G
G

C
 

28
72

–2
89

0 
N

D
1 

 
5b

_e
nd

re
v 

H
59

02
_A

gp
ho

 
G

G
C

G
TA

TA
G

G
TA

G
AA

G
TT

G
AG

 
46

07
–4

62
7 

N
D

2 
 

11
a 

H
14

12
7_

Ic
tm

es
 

G
TG

TT
C

C
TA

TT
AG

G
G

C
G

AG
A

 
12

98
4–

13
00

3 
N

D
5 

(S
or

en
so

n 
et

 a
l. 

19
99

) 
 a 
R

ef
er

en
ce

s:
 

B
ak

er
, A

. J
., 

H
. D

. M
ar

sh
al

l. 
19

97
. M

ito
ch

on
dr

ia
l c

on
tro

l r
eg

io
n 

se
qu

en
ce

s a
s t

oo
ls

 fo
r u

nd
er

st
an

di
ng

 e
vo

lu
tio

n,
 p

p.
 5

1–
82

. I
n 

D
. P

. M
in

de
ll 

[e
d.

], 
A

vi
an

 
M

ol
ec

ul
ar

 E
vo

lu
tio

n 
an

d 
Sy

st
em

at
ic

s. 
A

ca
de

m
ic

 P
re

ss
, S

an
 D

ie
go

, C
A

. 
B

ar
ke

r, 
F.

 K
. 2

00
4.

 M
on

op
hy

ly
 a

nd
 re

la
tio

ns
hi

ps
 o

f w
re

ns
 (A

ve
s:

 T
ro

gl
od

yt
id

ae
): 

a 
co

ng
ru

en
ce

 a
na

ly
si

s o
f h

et
er

og
en

eo
us

 m
ito

ch
on

dr
ia

l a
nd

 n
uc

le
ar

 D
N

A
 

se
qu

en
ce

 d
at

a.
 M

ol
. P

hy
lo

ge
ne

t. 
Ev

ol
. 3

1:
48

6–
50

4.
 

G
ro

th
, J

. G
. 2

00
0.

 M
ol

ec
ul

ar
 e

vi
de

nc
e 

fo
r t

he
 sy

st
em

at
ic

 p
os

iti
on

 o
f U

ro
cy

nc
hr

am
us

 p
yl

zo
w

i. 
A

uk
 1

17
:7

87
–7

91
. 

 
H

el
m

-B
yc

ho
w

sk
i, 

K
., 

an
d 

J. 
C

ra
cr

af
t. 

19
93

. R
ec

ov
er

in
g 

ph
yl

og
en

et
ic

 si
gn

al
 fr

om
 D

N
A

 se
qu

en
ce

s:
 re

la
tio

ns
hi

ps
 w

ith
in

 th
e 

co
rv

in
e 

as
se

m
bl

ag
e 

(c
la

ss
 A

ve
s)

 a
s 

in
fe

rr
ed

 fr
om

 c
om

pl
et

e 
se

qu
en

ce
s o

f t
he

 m
ito

ch
on

dr
ia

l D
N

A
 c

yt
oc

hr
om

e-
b 

ge
ne

. M
ol

. B
io

l. 
Ev

ol
. 1

0:
11

96
–1

21
4.

 
Le

e,
 K

., 
J. 

Fe
in

st
ei

n,
 a

nd
 J.

 C
ra

cr
af

t. 
19

97
. T

he
 p

hy
lo

ge
ny

 o
f r

at
ite

 b
ird

s:
 re

so
lv

in
g 

co
nf

lic
ts

 b
et

w
ee

n 
m

ol
ec

ul
ar

 a
nd

 m
or

ph
ol

og
ic

al
 d

at
a 

se
ts

, p
p.

 1
73

–2
11

. I
n 

D
. 

P.
 M

in
de

ll 
[e

d.
], 

A
vi

an
 M

ol
ec

ul
ar

 E
vo

lu
tio

n 
an

d 
Sy

st
em

at
ic

s. 
A

ca
de

m
ic

 P
re

ss
, S

an
 D

ie
go

, C
A

.. 



  
43

R
ax

w
or

th
y,

 C
. J

., 
R

. G
. P

ea
rs

on
, B

. M
. Z

im
ku

s, 
S.

 R
ed

dy
, A

. J
. D

eo
, R

. A
. N

us
sb

au
m

, a
nd

 C
. M

. I
ng

ra
m

. 2
00

8.
 C

on
tin

en
ta

l s
pe

ci
at

io
n 

in
 th

e 
tro

pi
cs

: c
on

tra
st

in
g 

bi
og

eo
gr

ap
hi

c 
pa

tte
rn

s o
f d

iv
er

ge
nc

e 
in

 th
e 

U
ro

pl
at

us
 le

af
-ta

ile
d 

ge
ck

o 
ra

di
at

io
n 

of
 M

ad
ag

as
ca

r. 
Jo

ur
na

l o
f Z

oo
lo

gy
 2

75
:4

23
–4

40
. 

So
re

ns
on

, M
. D

., 
J. 

C
. A

st
, D

. E
. D

im
ch

ef
f, 

T.
 Y

ur
i, 

an
d 

D
. P

. M
in

de
ll.

 1
99

9.
 P

rim
er

s f
or

 a
 P

C
R

-b
as

ed
 a

pp
ro

ac
h 

to
 m

ito
ch

on
dr

ia
l g

en
om

e 
se

qu
en

ci
ng

 in
 b

ird
s 

an
d 

ot
he

r v
er

te
br

at
es

. M
ol

. P
hy

lo
ge

ne
t. 

Ev
ol

. 1
2:

10
5–

11
4.

 
Ta

rr
, C

. L
. 1

99
5.

 P
rim

er
s f

or
 a

m
pl

ifi
ca

tio
n 

an
d 

de
te

rm
in

at
io

n 
of

 m
ito

ch
on

dr
ia

l c
on

tro
l-r

eg
io

n 
se

qu
en

ce
s i

n 
os

ci
ne

 p
as

se
rin

es
. M

ol
. E

co
l. 

4:
52

7–
52

9.
 

 



 

 

44
Table 2-S2. Mitochondrial genome organization in the grackles and allies subfamily of New World 
blackbirds (Icteridae). Underlined text identifies variants found in Agelaius phoeniceus. 
 

Gene Template 
strand 

Consensus 
alignment positions 

Start 
codon Stop codon Agelaius phoeniceus 

positions 
tRNAphe H 1–69   1–68 

12S rRNA H 70–1051   69–1042 
tRNAval H 1052–1121   1043–1112 

16S rRNA H 1122–2728   1113–2710 
tRNAleu H 2729–2803   2711–2785 

ND1 H 2823–3801a ATG AGA, AGG,TAG 2800–3777 
tRNAile H 3809–3880   3785–3856 
tRNAgln L 3886–3955+3966b   3862–3932 
tRNAmet H 3966–4034   3932–4000 

ND2 H 4035–5075 ATG TAA 4001–5041 
tRNAtrp H 5075–5144   5041–5110 
tRNAala L 5146–5214   5112–5180 
tRNAasn L 5225–5295   5190–5260 
tRNAcys L 5297–5363   5262–5328 
tRNAtyr L 5363–5433   5328–5398 
COX1 H 5435–6985 ATG, GTG AGG 5400–6950 

tRNAser L 6977–7049   6942–7014 
tRNAasp H 7056–7124   7020–7088 
COX2 H 7133–7819c ATG TAA, T— 7097–7780 
tRNAlys H 7821–7891   7782–7851 
ATP8 H 7893–8060 ATG TAA, TAG 7853–8020 
ATP6 H 8051–8734 ATG TAA 8011–8694 
COX3 H 8741–9524 ATG T–– 8701–9484 
tRNAgly H 9525–9594   9485–9553 

ND3 H 9595–9945 ATA, ATG TAA, TAG 9554–9904 
tRNAarg H 9947–10016   9906–9975 
ND4L H 10018–10314 ATG TAA 9977–10273 
ND4 H 10308–11685 ATG T–– 10267–11644 

tRNAhis H 11686–11755   11645–11714 
tRNAser H 11756–11822   11715–11780 
tRNAleu H 11822–11892   11780–11850 

ND5 H 11893–13710 ATG AGA 11851–13668 
Cyt b  H 13722–14864 ATG TAA 13677–14819 

tRNAthr H 14868–14937   14823–14891 
tRNApro L 14973–15043   14899–14968 

ND6 L 15053–15571 ATG TAA, TAG 14978–15496 
tRNAglu L 15573–15643   15498–15568 
Control 
region  15644–16862   15569–16775 

 

a Some species have a 1 bp insertion that makes position 3801 part of the subsequent spacer. 
b Quiscalus quiscula has a 10 bp insertion that completes the tRNA at position 3956 and creates a unique 

spacer in positions 3957–3965. 
c Pseudoleistes guirahuro has an insertion that makes position 7820 the final base of COX2. 
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Figure 2-1. Principal component analysis (PCA) of data subsets from mitochondrial genome sequences 
of the grackles and allies clade of New World blackbirds (Icteridae). Shown are the first two axes of 
variation. The inset vector graph shows the correlation of partition-specific model parameter variation 
with these axes, using the TrN+G model with the unpartitioned phylogeny.
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Figure 2-2. Clustering of mitogenomic data subsets from the grackles and allies subfamily of New World 
blackbirds (Icteridae), based on Euclidean distances in principal component space (Fig. 2-1). Shaded 
blocks denote the nine groups at the level of partitioning with the best BIC score.
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Figure 2-3. BIC and AIC scoring of model fit and efficiency of a series of nested data partitioning 
schemes for phylogenetic analysis of mitogenome sequences of the grackles and allies subfamily of New 
World blackbirds (Icteridae). The scheme with the best BIC score is circled and indicated with an arrow.
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Figure 2-4. Phylogeny of the grackles and allies subfamily of New World blackbirds (Icteridae) inferred 
from whole mitochondrial genome sequences. Support values at nodes are nonparametric bootstrap 
percentages from parsimony and maximum likelihood (ML) analyses (unpartitioned/partitioned) followed 
by Bayesian posterior probabilities (×100; unpartitioned/partitioned). When identical, values from 
unpartitioned and partioned analyses are not reported separately. Support of 100% is indicated with a plus 
symbol; nodes that received 100% support in all analyses are marked with a single large asterisk. Dashed 
lines show the topology of the single best ML tree from analysis of the partitioned dataset where it 
differed from other ML and Bayesian analyses.
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Figure 2-5. Comparison of support for bipartitions found in bootstrapped maximum-likelihood analyses 
of phylogeny within the grackles and allies clade of New World blackbirds (Icteridae) using two different 
datasets, (1) whole mitochondrial genome sequences, and (2) combined sequences of ND2 and 
cytochrome b. Bipartitions that occur in the single best tree using the whole mitogenome dataset are 
indicated with filled circles (and occur only in the upper half of the graph).
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CHAPTER 3 
 

A comprehensive species-level molecular phylogeny of the  
New World blackbirds (Icteridae)1,2 

 
 

SUMMARY 

The New World blackbirds (Icteridae) are among the best known songbirds, both through exemplar 

species, such as the Red-winged Blackbird (Agelaius phoeniceus), and collectively, through service as a 

model clade in numerous studies of morphological, ecological, and behavioral trait evolution. Knowledge 

of phylogeny is a prerequisite for reconstructing evolutionary patterns, and it is the basis for systematic 

classification, but as of yet there has been no analysis of blackbird phylogeny with comprehensive species-

level sampling, or that offers robust support for most intergeneric relationships. Using mitochondrial gene 

sequences from all ~108 currently-recognized species and 7 additional distinct lineages, together with 

strategic sampling of 4 nuclear loci and whole mitochondrial genomes at the generic level, we were able to 

resolve most relationships with high confidence. Our best-resolved phylogeny is consistent with the 

strongly-supported results of past studies, but also contains many novel inferences of relationship, 

including unexpected placements of some newly-sequenced taxa, resolution of the relationships among the 

major subclades within Icteridae, and resolution of generic-level relationships within the largest of those 

subclades, the grackles and allies. We suggest taxonomic revisions based on our results. 

 

3-1. INTRODUCTION 

 The New World blackbirds (Icteridae) are among the best known and studied songbirds, both 

through exemplar species, such as the Red-winged Blackbird (Agelaius phoeniceus), and collectively, 

through service as a model clade in numerous studies of morphological, ecological, and behavioral trait 

 
1 A version of this paper is being prepared for publication: 
 Powell, A. F. L. A., F. K. Barker, S. M. Lanyon, K. J. Burns, J. Klicka, and I. J. Lovette. A 
comprehensive species-level molecular phylogeny of the New World blackbirds (Icteridae), including 
multilocus and mitogenomic evaluation of generic relationships, with comments on taxonomy. 
 
2 Acknowledgements: We thank G. D. Weiblen for use of his lab during preparation of toe pad samples. H. 
Vázquez-Miranda helpfully performed some extractions. We thank the museums that loaned tissues for 
sequencing that was new to this project—the Academy of Natural Sciences of Drexel University; American 
Museum of Natural History; Field Museum of Natural History; Natural History Museum of Los Angeles 
County; Louisiana State University Museum of Natural Science; Museo Argentino de Ciencias Naturales, 
Bernardino Rivadavia; Marjorie Barrick Museum of Natural History; Museu Paraense Emílio Goeldi; 
University of Washington, and the Burke Museum of Natural History and Culture—as well as the many 
others (listed in Table 3-1) for maintaining the specimens and vouchers associated with the GenBank 
sequences that we used. We also thank J. C. Avise,  D. Walker, J. M. DaCosta, K. E. Omland, and F. 
Jacobsen for providing extracts or sequences. S.A. Jansa provided helpful comments on the manuscript. 
This study was supported in part by NSF DEB-0316092 to FKB and SML and by the University of 
Minnesota. 
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evolution. The size of the group (~108 species) and its variability along several dimensions of general 

theoretical interest—both within and among the major subgroups it comprises—make the Icteridae 

especially attractive for comparative studies. Some topics that have been investigated in the family or its 

major subclades, using phylogenetically-informed methods, are as follows: mating systems (Searcy et al. 

1999), brood parasitism (in cowbirds: Lanyon 1992), sexual size dimorphism (Webster 1992), sexual 

dichromatism (Irwin 1994; in orioles: Hofmann et al. 2008, Friedman et al. 2009), plumage pattern 

divergence (in orioles: Omland and Lanyon 2000; caciques and oropendolas: Price and Whalen 2009), 

chemical bases of plumage color (Friedman et al. 2011; in orioles: Hofmann et al. 2006, 2007, 2008), 

ultraviolet and structural color (in grackles and allies: Eaton 2006, Shawkey et al. 2006), ecological 

correlates of plumage color (in grackles and allies: Johnson and Lanyon 2000), ecological correlates of 

female song (Price 2009, Price et al. 2009), song divergence (in caciques and oropendolas: Price and 

Lanyon 2002b, 2004a; orioles: Price et al. 2007), migration (in orioles: Kondo and Omland 2007), 

biogeographic history (in orioles: Sturge et al. 2009), and ecological niche divergence (Eaton et al. 2008). 

 Knowledge of phylogeny is a prerequisite for reconstructing evolutionary patterns, and it is the 

basis for systematic classification, but as of yet there has been no formal analysis of blackbird phylogeny 

with comprehensive species-level sampling, nor does a tree exist that offers robust support for most 

intergeneric relationships. The first molecular phylogenies of Icteridae with broad taxonomic sampling 

provided revolutionary insights into relationships within the family (Lanyon 1994, Freeman and Zink 1995, 

Lanyon and Omland 1999) and within its subgroups (Johnson and Lanyon 1999; Omland et al. 1999; Price 

and Lanyon 2002a, 2004a; Barker et al. 2008), and were a huge advance over the diffuse hypotheses of 

relationship presented in taxonomic reviews, which were based on either informal evaluation of the 

external anatomy of museum skins (Ridgway 1902, Hellmayr 1937, Blake 1968) or very limited molecular 

sampling (Sibley and Monroe 1990). Sequence-based molecular studies, for the first time, brought together 

large numbers of informative characters with objective analytical methods to comprehensively resolve 

relationships among species and clades, tasks for which morphological characteristics had proven to be 

weakly informative (e.g. Björklund 1991) and, in combination with informal and speculative methods of 

inference, often (in hindsight) misleading (Beecher 1950, 1951). 

 In contrast to the other diverse families within the New World nine-primaried oscine clade—

namely, the tanagers (Thraupidae), cardinal-grosbeaks (Cardinalidae), New World sparrows (Emberizidae), 

and New World warblers (Parulidae)—among which many species and genera have recently been shuffled, 

the constitution of the Icteridae has been unaffected by results from molecular phylogenetic studies of that 

radiation (e.g. Burns 1997, Klicka et al. 2000, Burns et al. 2002, Lovette and Birmingham 2002, Yuri and 

Mindell 2002, Burns et al. 2003, Klein et al. 2004, Klicka et al. 2007, Alström et al. 2008, Lovette et al. 

2010, Barker et al. in press). Apparently, the features that have traditionally been used to recognize 

blackbirds, such as bill shape (casque of maxilla, see Webster 2003), morphology related to gape-feeding 

by many species (Beecher 1951, Orians 1985), and general similarities in shape, plumage, voice, display, 

and ecologies have led to their accurate diagnosis. The only contrary assertions have been placement of 
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Spiza in Icteridae (Beecher 1951, Raikow 1978), which was immediately disputed (see e.g. Tordoff 

1954) and is not currently supported (molecular evidence places Spiza deep within the Cardinalidae; Klicka 

et al. 2007), and unsubstantiated yet prominently-presented suggestions of the affinity of Compsothraupis 

loricata to Icteridae (Jaramillo and Burke 1999) and lack thereof for Amblycercus (Fraga 2011). 

Comprehensive generic-level multi-locus molecular sampling of the nine-primaried oscines strongly 

supports the monophyly of Icteridae (Barker et al. in press) as traditionally defined. 

 Although molecular phylogenetic studies of Icteridae (e.g. Lanyon 1992, 1994; Freeman and Zink 

1995; Lanyon and Omland 1999) did not lead to its redefinition, they shed considerable light on 

relationships within the family, including recognition of constituent clades and discovery that several 

genera—Molothrus, Agelaius, Cacicus, and Psarocolius—as then defined, were not monophyletic. Lanyon 

and Omland (1999) found that the Icteridae comprises 5 deeply-divergent lineages—the meadowlarks and 

allies (Sturnella, Dolichonyx, Xanthocephalus), cup-nesting caciques (Amblycercus), caciques and 

oropendolas (Cacicus, Psarocolius, Ocyalus), orioles (Icterus), and a large set of genera collectively 

referred to as the grackles and allies (e.g. Agelaius, Quiscalus, Molothrus)—but they were unable to resolve 

the basal divergences among those lineages. Similarly, Johnson and Lanyon (1999) examined the grackles 

and allies clade and found strong support for several groups, including the cowbirds (Molothrus), marsh 

blackbirds (Agelaius), and grackles (Quiscalus), among others, but poor support for the relationships 

among those lineages. Among the more surprising findings of these studies was existence of a clade of 

South American endemics (“group 1” of Johnson and Lanyon 1999) within the grackles and allies, 

composed largely of morphologically and ecologically enigmatic genera (many of them monotypic) 

together with species that had been thought to be members of genera (Molothrus, Agelaius) outside that 

clade. Subsequent studies have explored relationships within the basal icterid clades, especially the orioles 

(e.g. Omland et al. 1999, Jacobsen et al. 2010) and the caciques and oropendolas (Price and Lanyon 2002a, 

2004a), but until now (this study, and Barker et al. in press) no additional effort has been made to resolve 

the relationships among the basal icterid clades, or among major groups within the grackles and allies (but 

see Powell et al. 2013), with additional sequence or taxon sampling.    

 By providing a set of highly-resolved hypotheses of the relationships among a large sample of 

species, molecular phylogenetic studies enabled substantial taxonomic revision of the Icteridae, and, for the 

first time, comparative investigations of the patterns generated by and processes involved in their 

diversification. The blackbirds hold much promise for additional taxonomic and comparative work, but all 

such work is ultimately limited by the resolution and accuracy of available phylogenetic hypotheses. 

Though many findings from the initial round of molecular investigations of the Icteridae had robust 

support, many did not. Inference of phylogeny is itself limited by taxon sampling, the sequences used, and 

analytical methods. Also, all past phylogenies of the Icteridae, except within the orioles (Allen and Omland 

2003, Jacobsen et al. 2010, Jacobsen and Omland 2011) and some meadowlarks (Barker et al. 2008), have 

relied solely upon mitochondrial DNA. Given the passage of time, and improved capacity in all these areas, 

a revision of the phylogeny of the Icteridae as a whole, using new methods and data, is in order.  
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 The overall goal of the present study was to infer, for the first time, a hypothesis of the 

phylogenetic relationships among all ~108 species of New World blackbirds (Icteridae), using both 

mitochondrial and nuclear DNA sequences. Key objectives were to (a) sample all currently-recognized 

species not included in previous studies, (b) robustly resolve relationships among major clades within 

Icteridae, (c) robustly resolve relationships among the grackles and allies, especially within a 

phenotypically and ecologically diverse clade of South American endemics, which previous studies have 

failed to resolve with confidence, (d) compare patterns of relationship found in previous studies, which 

used only mitochondrial markers, to results from nuclear loci, and (e) suggest taxonomic revisions based on 

our results. Preliminary results from this project (i.e. phylogenies inferred from less comprehensive 

versions of our dataset) have already informed studies of female song (Price 2009, Price et al. 2009) and 

plumage color evolution (Friedman et al. 2011), so we hope that the phylogeny presented here proves a 

useful reference and impetus for further work with the Icteridae. 

 

3-2. METHODS 

3-2.1 Taxon and character sampling.—Our analyses encompassed 115 ingroup and 4 outgroup taxa (Table 

3-1). Sampling within Icteridae included all species currently recognized by taxonomic authorities 

(Dickinson 2003, Remsen et al. 2012, Gill and Donsker 2012) or in prominent references (Jaramillo and 

Burke 1999, Fraga 2011), with the following exceptions: we did not obtain samples of Agelaioides badius 

fringillarius or Molothrus aeneus armenti (Dugand and Eisenmann 1983), and we chose not to include (see 

Discussion) samples of Psarocolius angustifrons alfredi and Agelaius phoeniceus gubernator. 

Approximately 10% of the sampled taxa had not been included in previous molecular phylogenies of 

Icteridae, including 3 meadowlarks (Sturnella militaris, S. loyca, S. defilippii), 4 caciques and oropendolas 

(Cacicus koepckeae, Psarocolius b. bifasciatus, P. cassini, P. guatimozinus), an oriole (Icterus jamacaii), 

and 3 members of the grackles and allies subfamily (Dives atroviolaceus, Curaeus forbesi, Macroagelaius 

subalaris). We included more than one sample of a species if particular of its subspecies appeared to 

represent deeply divergent and geographically distinct lineages that likely merit specific status. Outgroups 

were selected based on results of recent molecular analyses of family and generic-level relationships within 

the New World nine-primaried oscines (Barker et al. in press), and consisted of Teretistris fernandinae, 

Seiurus aurocapillus, Oreothlypis gutturalis and Icteria virens. 

 We sequenced 4 nuclear loci (5266 bp total) from a set of 46 taxa (Table 3-2) that included at least 

one representative from 26 out of 28 ingroup genera (lacking only Hypopyrrhus and Clypicterus) and all 4 

outgroups. From each of those taxa, we sequenced one protein-coding autosomal gene, two autosomal 

introns, and one sex-linked (Z chromosome) intron, those loci being, respectively, recombination activating 

gene 1 (RAG1), myoglobin intron 2 (MB-I2), β-fibrinogen intron 5 (FGB-I5), and aconitase 1 intron 9 

(ACO1-I9). We also sequenced MB-I2 and ACO1-I9 from 4 additional taxa (including Clypicterus) and 

added ACO1-I9 or FGB-I5 sequences of another 4 taxa that were available on GenBank from past studies 

by ourselves and others (Table 3-2).   
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 How comprehensively the mitochondrial locus was represented in our dataset varied 

considerably among taxa. We obtained sequences of the cytochrome b gene (1143 bp) for all 119 taxa in 

our study except Icterus jamacaii, which we included only as a COX1 sequence from GenBank. For 9 

rarely collected or extinct species that were sampled using DNA extractions from toe-pads of museum 

skins, cytochrome b was the only gene that we sequenced, but for all other taxa, we also obtained ND2 

gene sequences (1041 bp). Preliminary phylogenetic analyses, based on the concatenated nuclear, ND2, and 

cytochrome b sequences, yielded well-resolved trees with strong nodal support, with the notable exception 

of some generic-level relationships within the grackles-and-allies clade (Lanyon and Omland 1999) and 

among the 19 species that compose a clade of South American endemics (“group 1” of Johnson and 

Lanyon 1999) therein. The nuclear loci in our dataset were unable to resolve any but a few trivial 

relationships within the South American clade, so we turned to more extensive sampling of the 

mitochondrial genome as a source of phylogenetic signal. We sequenced whole mitochondrial genomes 

(~16775 bp) of 23 species (20 of them within our 46-taxon set; Table 3-2). For 5 other ingroup taxa in the 

46-taxon set, and for the 4 outgroups, we obtained the sequence of a ~5000 bp fragment encompassing 

ND2, COX1, COX2, ATP8, ATP6, and several tRNA genes. Further, we filled in remaining missing 

sequence for each taxon to the extent possible using GenBank records, provided we could be confident (e.g. 

from locality information) of their taxonomic identities. Most additional mitochondrial sequences were 

from the COX1, ATP6, and 12S rRNA genes. Whenever possible, all nuclear and mitochondrial gene 

sequences were obtained from the same specimen, but for 45 taxa, we assembled chimaeric sequences from 

two or more specimens.  

 3-2.2 Laboratory procedures and sequence preparation.—Genomic DNA was extracted from 

frozen tissue and toe-pad samples as described in Powell et al. (2008) or with conventional 

phenol/chloroform methods (e.g. as in Lanyon 1994). To avoid contamination, we processed toe-pad 

specimens in a lab not otherwise used for extraction or amplification of avian DNA. Target DNA fragments 

were amplified via polymerase chain reaction (PCR). See listed references (given in parentheses) for details 

of primers and cycling parameters used to amplify the following sequences: cytochrome b and ND2 

(Barker et al. 2008, Powell et al. 2008), whole mitogenomes and large fragments (Powell et al. 2013), 

RAG1 (Barker et al. 2002), MB-I2, FGB-I5, and ACO1-I9 (Barker et al. 2008, in press). Purification of 

PCR products, sequencing, sequence editing, and alignment were as described in Powell et al. (2013) 

except that some products were sent to Beckman Coulter Genomics (Danvers, MA) for sequencing. 

 3-2.3 Data partitioning and phylogeny inference.—To probe for potentially spurious effects of 

character and taxon sampling on phylogeny inference, we assembled the following datasets to analyze and 

compare: (1) concatenated (i.e. to analyze with standard phylogenetic inference) and (2) unconcatenated 

(i.e. to analyze with species tree methods) nuclear sequences of the 46 taxa for which all 4 such loci were 

sampled; (3) concatenated nuclear sequences of the 54 taxa with nuclear data; (4) cytochrome b, (5) 

combined ND2 and cytochrome b, and (6) full mitochondrial alignments of the 46-taxon and (7–9) 118 or 

119-taxon sets. Based on results from those datasets, we assembled the following datasets for our final 
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analyses: (10) concatenated and (11) unconcatenated combined nuclear and full mitochondrial 

alignments of the 46-taxon sample, and (12) concatenated combined nuclear and full mitochondrial 

alignments of all 119 taxa. To maximize sequence coverage for Molothrus in the 46-taxon analyses of 

combined nuclear and mitochondrial loci, we utilized a chimaeric sequence, composed of the mitogenome 

of aeneus together with nuclear sequences from ater, since we lacked full sampling for either species.   

 All datasets were partitioned for analysis. Partitioning was accomplished by finely dividing each 

dataset according to a priori categories (such as gene and codon position), then using PartitionFinder 1.0.1 

(Lanfear et al. 2012)—set to assess all models, using the greedy algorithm, under the Bayesian information 

criterion (BIC, Schwarz 1978)—to find an optimal scheme for grouping subsets according to similarities in 

evolutionary tendencies. The most complicated datasets were the full-length mitochondrial alignments. As 

described in Powell et al. (2013), alignment positions of those datasets were sorted into 48 initial subsets 

according to all possible combinations of the following categories: noncoding/coding, heavy/light template 

strand, protein/RNA-coding, gene identity (done for rRNA and protein-coding genes only), codon position, 

and paired/unpaired bases in RNA secondary structure. Initial subsetting of nuclear markers was limited to 

separation according to locus and, for RAG1, codon position. On occasion, PartitionFinder returned an 

inappropriately complicated model for a data subset, which led to spurious parameter estimates; to reassess 

those cases, and when we needed to identify best models for individual data blocks (as with the introns, for 

unconcatenated analyses), we used the BIC in jModelTest 2 (Darriba et al. 2012). 

 For single-locus and concatenated-loci datasets, we inferred phylogenetic relationships under 

maximum likelihood (ML) using GARLI 2.0 (Zwickl 2006) and with Bayesian methods using MrBayes-

3.2.1 (Ronquist et al. 2012). We also used Bayesian methods as implemented in *BEAST 1.7.4 

(Drummond et. al. 2012) to infer species trees from our unconcatenated multilocus 46-taxon datasets. Most 

GARLI analyses were run on the CIPRES Science Gateway (Miller et al. 2010), where we conducted 

heuristic searches for ML trees using 50 random starting points (i.e. searchreps), and evaluated nodal 

support with 500 bootstraps, each with a random starting point. Analyses with MrBayes used Metropolis 

coupling (four chains with default heating), and generally ran for 6–12 million generations, sampling every 

100 generations, and with a burn-in of 10–25%. We found that default settings in MrBayes yielded 

unrealistically long tree-length estimates in partitioned analyses, so following Marshall (2010), we set a 

shorter prior on mean branch length (brlenspr = unconstrained:exp(100.0)). Analyses using *BEAST ran 

for 200 million generations, sampling every 10,000 generations, with a burn-in of 10%. For all partitions or 

loci in those analyses, we used a lognormal relaxed clock model of evolutionary rate, with an exponential 

prior (mean = 0.1). All mitochondrial partitions in *BEAST analyses were linked under the same tree 

model. We used Tracer 1.5 (Rambaut and Drummond 2009) and the AWTY server (Wilgenbusch et al. 

2004) to check that effective sample sizes for parameter estimation in Bayesian analyses were adequate (i.e. 

>200) and that estimates of nodal posterior probability had converged. 

 Because the completeness of sequence and locus sampling varied substantially among taxa, we 

examined the results of the various datasets that we assembled (as previously described) to assess their 
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sensitivity to completeness of genetic marker and taxon sampling, and to check for congruence between 

inferences from nuclear loci and the mitochondrial genome. We looked for significant differences between 

analyses in their support for hypotheses of relationship, especially instances of strong conflict in pairwise 

comparisons (i.e. cases in which each of two incongruent hypotheses of relationship were supported by ≥ 

70% of bootstrap replicates or ≥ 95% of posterior samples at incompatible nodes). 

 

 

3-3. RESULTS  

3-3.1 Partitions and substitution models.—Optimal partitioning and model parameterizations were 

achieved using relatively few data groups. The best partitioning scheme for cytochrome b, for both 46 and 

118-taxon analyses, was into 3 groups by codon position. The 46 and 118-taxon ND2 plus cytochrome b 

datasets were partitioned into 4 data groups based on codon position and by gene for 3rd positions. As in 

Powell et al. (2013), we found that the most salient categories for mitogenomic partitioning  were codon 

position, RNA secondary structure pairing, and the coding/noncoding distinction (Table 3-3). The best 

schemes for the 46 and 119-taxon analyses divided the mitochondrial data into 9 and 7 groups, respectively 

(Those schemes were quite similar, except that the 9 group scheme subdivided codon 1st positions and 3rd 

positions a bit more). Nuclear markers sorted separately from the mitochondrial data groups. Codon 

position was a significant variable within RAG1, but since some nuclear loci or subsets were similar 

enough that they grouped together (i.e. ACO1-I9 with FGB-I5, MB-I2 with 3rd positions of RAG1), the 

best schemes for the concatenated datasets utilized only 4 groups for nuclear data (Table 3-3). Parameter 

values estimated in the ML analysis of the 119-taxon combined mitochondrial and nuclear dataset are given 

in Table 3-3; they were very similar to the estimates  obtained from our other analyses and datasets.  

 3-3.2 Phylogenies.—Analyses of the datasets that we assembled, with their various combinations 

of taxon and DNA sequence sampling (described in Methods), and using GARLI, MrBayes, and *BEAST, 

yielded a set of > 20 summary phylogenetic trees. The primary purpose of most trees was to allow for 

comparisons to investigate the sensitivity of results to sampling and inference methods. Most of those trees 

are not shown, but comparisons among them are described in Sections 3-3.3 to 3-3.7. A representative set 

of trees, including those we consider to be our best estimates of phylogeny, are presented as follows: 119-

taxon analyses of the full mitochondrial dataset (Fig. 3-1), 46-taxon analyses of the nuclear dataset (Fig. 3-

2), 46-taxon analyses of the combined mitochondrial and nuclear datasets (Fig. 3-3), and the 119-taxon 

analyses of the combined mitochondrial and nuclear datasets (Fig. 3-4)   

 3-3.3 Effects of mitochondrial locus sampling on phylogeny inference.— We found that adding 

sequence, even when sampled unevenly across taxa, led to the addition of strongly-supported nodes (and 

not to switches in patterns of strongly supported relationships) in phylogeny reconstructions, as compared 

to results from smaller datasets. For the 46-taxon analyses, we obtained cytochrome b and ND2 sequences 

of all species. Using cytochrome b alone, we recovered a ML tree in which 17 of 43 nodes, most of them 
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uniting taxa at the tips of branches (often congeners), were resolved with strong (≥70% nonparametric 

bootstrap) support. Adding ND2 sequences yielded a tree with 26 strongly-supported nodes, including all 

those found with cytochrome b alone. Adding all remaining sequence from the full mitochondrial 

alignment had a similar effect—35 nodes were recovered with strong support, including all but one node 

found with the ND2 plus cytochrome b dataset. The latter dataset recovered Nesopsar as sister to the rest of 

the grackles and allies clade (86% bootstrap support for the monophyly of all grackles and allies exclusive 

of Nesopsar), whereas with the full dataset, the pattern of relationships among Nesopsar, Agelaius, and 

Molothrus (and thus which of those taxa—individually or in combination—is sister to all other grackles 

and allies) was not resolved with confidence. 

 Results of the 118 or 119-taxon analyses were qualitatively nearly identical to those of the 46-

taxon datasets, even though sequence sampling across taxa was quite heterogeneous (i.e. many taxa had a 

large percentage of missing data). The full mitochondrial dataset yielded a ML tree (Fig. 3-1) with strong 

support for 94 of 116 nodes, including all 54 and 79 strongly-supported nodes recovered, respectively, with 

the cytochrome b and the ND2 plus cytochrome b datasets. Likewise, support for the position of Nesopsar 

differed, in the same manner as described for the 46-taxon datasets, between results of the ND2 plus 

cytochrome b and the full mitochondrial datasets.  

 3-3.4 Effects of taxon sampling on phylogeny inference.—Taxon addition can sometimes bolster 

phylogeny inference, but in this study, after pruning trees to include only the taxa in the less comprehensive 

analyses, we found that taxon sampling had almost no effect on the pattern or number of strongly-supported 

nodes. By those measures, ML reconstructions from the 46 (Fig. 3-2) and 54-taxon concatenated nuclear-

only datasets were identical, as were results from the 46 and 119-taxon datasets of combined nuclear and 

mitochondrial sequences (Figs. 3-3 and 3-4). Only the trees generated exclusively from mitochondrial data 

exhibited any significant differences in support at equivalent nodes. The larger ND2 plus cytochrome b 

datasets and full mitochondrial alignments robustly (71 and 95% bootstrap support, respectively) placed 

Icterus mesomelas closer to cucullatus than parisorum, whereas the 46-taxon analyses failed to resolve 

those relationships with confidence or to recover that same topology with even plurality support. 

Furthermore, the tree from the 119-taxon full mitochondrial dataset (Fig. 3-1) placed Agelaius phoeniceus 

closer to tricolor (72% bootstrap) than to xanthomus, whereas support for that relationship was weak (62%) 

using the equivalent 46-taxon dataset. On the other hand, all of the 46-taxon mitochondrial datasets 

strongly (85–93% bootstrap) supported a closer relationship of Ocyalus to Cacicus sclateri than to 

Psarocolius, whereas support for that pattern was weak (49–64%) using the mitochondrial datasets with 

118 or 119 taxa. Also, the 46-taxon ND2 plus cytochrome b analysis strongly (89% bootstrap) supported a 

clade composed of Quiscalus and Euphagus, but support for that relationship was lacking (29%) using the 

equivalent 118-taxon dataset due to instability in the placement of those taxa relative to Dives 

atroviolaceus. 

 3-3.5 Concordance of inferences from nuclear and mtDNA.—Phylogenies generated from separate 

nuclear and mitochondrial datasets showed strong support for a majority of relationships in the 46-taxon 
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analyses, but yielded somewhat different topologies; however, with only one exception, topological 

differences occurred at nodes that were poorly supported by at least one of the two datasets. The single 

instance of strong conflict concerned basal relationships within the meadowlarks and allies. According to 

mitochondrial data, Xanthocephalus and Dolichonyx are sister taxa (97% bootstrap support, 99% posterior 

probability) that compose a clade sister to Sturnella. By contrast, phylogenies inferred from nuclear data 

place Xanthocephalus sister to a strongly (92% bootstrap, 100% posterior) supported Dolichonyx-Sturnella 

clade.  

 We did not produce a 54-taxon mitochondrial phylogeny to allow for direct comparisons with our 

54-taxon nuclear phylogenies, but placements of the 8 taxa with partial data in those nuclear trees (not 

shown, but match following descriptions to Fig. 3-2) were congruent with the tree from the 119-taxon full 

mitochondrial alignment (Fig. 3-1). The nuclear data put (a) Sturnella bellicosa and loyca with 

superciliaris, thus supporting monophyly of the red-breasted meadowlarks (83% bootstrap, 100% posterior 

probability), (b) Sturnella lilianae and magna together (73, 98), and that pair sister to neglecta (99, 100), 

thus supporting monophyly of the yellow-breasted meadowlarks, (c) Cacicus solitarius and Clypicterus 

into a poorly-resolved grouping with Ocyalus and Cacicus sclateri (90, 100), (d) Cacicus melanicterus 

outside a well-supported (76, 99) clade containing Psarocolius, Ocyalus, Clypicterus, and all other 

Cacicus, and (e) Agelasticus xanthopthalmus with cyanopus (99, 100).  

 3-3.6 Inference power of separate and combined mtDNA and nuclear loci.—Direct comparison of 

the 46-taxon ML tree built using all 4 nuclear loci (Fig. 3-2) to the 46-taxon tree inferred from the full 

mitochondrial alignment illustrates the relative strengths and weaknesses of those two classes of markers in 

our study, and provides insight into their separate contributions to our reconstructions of phylogeny using 

the combined dataset. A striking feature of the ML analysis of nuclear loci was its nearly complete failure 

to robustly resolve relationships within the South American endemic clade—only 1 node out of 13, uniting 

Xanthopsar with Pseudoleistes, received strong (85% bootstrap) support, whereas the mitochondrial 

analysis recovered 11 well-supported nodes within that clade. By contrast, with respect to resolving the rest 

of the tree, the mitochondrial dataset performed no better, overall, than the nuclear dataset—both datasets 

resolved 24 of 30 nodes with confidence. The superior performance of mitochondrial sequences for 

resolving short internodes was obvious within the South American clade, which was inferred using full 

mitogenomic sequences of most species, but was less evident in the rest of the tree, built from less 

comprehensive sampling of the locus. Of the 6 nodes outside the South American clade that were not 

resolved in ML trees using the nuclear dataset, 4 were failures to resolve relationships among congeners 

(within Psarocolius, Molothrus, Agelaius, and Euphagus), and two involved uncertainty in the resolution of 

basal relationships among major clades within the grackles and allies—specifically, the relationships 

among Molothrus, Nesopsar-Agelaius, Dives-Euphagus-Quiscalus, and the South American endemic clade. 

To compare, two of the nodes that the mitochondrial dataset failed to resolve were relationships among 

congeners (within Icterus and Agelaius), two involved basal relationships within the grackles and allies—

specifically, the relationships among Molothrus, Nesopsar, Agelaius, and a clade composed of Dives-
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Euphagus-Quiscalus plus the South American endemics—and two involved resolution of relationships 

among 4 basal icterid clades, namely Amblycercus, all other caciques and oropendolas, Icterus, and the 

grackles and allies. 

 To the extent that their strengths were complementary, the nuclear and mitochondrial datasets had 

potential for additive or synergetic fusion of their best qualities in the 46-taxon ML analysis of the 

combined data (Fig. 3-3). However, some of their limitations were congruent, and (as described previously) 

the datasets did exhibit some conflict with one another, so although confidence values of many nodes 

increased, the ML phylogeny built from the combined data had a net gain of only two strongly-supported 

nodes more than the tree from the mitochondrial dataset, for a total of 37 strongly-supported nodes out of 

43. The ML tree from the combined data was very similar to the mitochondrial tree except that it exhibited 

(a) strong support at 4 nodes robustly recovered by nuclear loci, including resolution of relationships within 

Icterus and Agelaius, the sister relationship of Amblycercus to all other caciques and oropendolas, and the 

sister relationship of Icterus to the grackles and allies, (b) lower confidence for some nodes within the 

South American blackbirds, including one that dropped from 85% to 69% bootstrap support, and (c) 

placement of Xanthocephalus and Nesopsar in the positions robustly recovered with nuclear loci (i.e. sister 

to the other meadowlarks, and sister to Agelaius, respectively), but with poor support due to conflict with 

the mitochondrial signal. Each of those 3 features were also found in the ML analysis of the combined 

datasets for all 119 taxa (Fig. 3-4), and together with robust placement of Cacicus solitarius as sister to the 

other caciques (excepting C. melanicterus and Amblycercus) due to the contribution of nuclear loci, 

constituted its main differences from the mitochondrial tree (Fig. 3-1). The ML tree from the combined 

dataset contained 97 well-supported nodes—a total of 3 more than the mitochondrial tree. 

 Because a species-tree analysis could not be conducted using the mitochondrial dataset alone, we 

compared the 46-taxon tree using the nuclear loci to the tree from the combined dataset and found no 

significant incongruence. Placement of Nesopsar sister to Agelaius got strong (98% posterior) support 

using nuclear sequences, but not with the combined dataset (87% posterior); the other 14 strongly-

supported nodes in the former analyses were recovered in the latter, which found robust support for 21 of 

43 nodes. 

 3-3.7 Concordance of results from different methods of analysis.—We found no strongly-

supported topological differences between trees inferred from a given dataset using different optimality 

criteria. Furthermore, analyses using GARLI and MrBayes almost always agreed with one another in 

assigning strong support, or not, to nodes (according to the thresholds that we selected for comparing 

bootstrap support to posterior probability, i.e. ≥ 70% and ≥ 95%, respectively), though in a few cases, 

assessments of support were sharply discordant.  

 Trees generated by GARLI and MrBayes using the full mitochondrial dataset for all 119 taxa (Fig. 

3-1) had equivalent topologies and differed in assignments of strong support at only 4 nodes: (1) placement 

of Sturnella bellicosa with loyca and defilippii (72% bootstrap, 78% posterior), (2) placement of 

Psarocolius bifasciatus yuracares (78, 80) sister to the montezuma-cassini-guatimozinus clade, (3) pairing 
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Icterus icterus with croconotus  exclusive of jamacaii (86, 80), and  (4) monophyly of Quiscalus-

Euphagus exclusive of Dives atroviolaceus (73, 73). 

 For the 46-taxon nuclear locus dataset, the single best tree from GARLI and the consensus tree 

from MrBayes had identical topologies; the same was true for the 54-taxon trees from nuclear data. Apart 

from uniting Xanthopsar with Pseudoleistes, the pattern of relationships within the South American 

endemic clade received poor support under ML, so it would not warrant a mention except that the same 

pattern was recovered by MrBayes, and with strong support at 4 additional nodes (Fig. 3-2). Of those 4 

nodes, one was not found in the ML bootstrap consensus (it had 8% support) yet had a posterior probability 

of 96%, another had respective bootstrap and posterior supports of 24% and 97%, a third node 

correspondingly received 22% and 95% support, and the remaining node, which united the two 

Pseudoleistes species, got 63% and 100% support. Except for monophyly of Pseudoleistes, these nodes 

were not recovered in the species-tree inferred from nuclear loci in *BEAST. That analysis yielded its own 

(unique) poorly-supported hypothesis of relationships within the South American clade. Otherwise, the 

species-tree was topologically like the concatenated nuclear-only analyses in most respects, though basal 

divergences within the grackles and allies more closely matched trees inferred from the combined nuclear 

and mitochondrial datasets. 

 Analyses of the 46-taxon combined nuclear and mitochondrial dataset with GARLI and MrBayes 

recovered identical tree topologies (Fig. 3-3), and assignments of strong support differed at only 3 nodes: 

(1) the sister relationship of Agelaius phoeniceus to tricolor (70% bootstrap support, 92% posterior 

probability), (2) the sister relationship of Nesopsar to Agelaius (60, 100), and (3) monophyly of all other 

grackles and allies exclusive of Nesopsar-Agelaius (62, 100). The *BEAST species-tree of that dataset 

differed topologically from the trees from concatenated analyses at a few nodes, but all except that pairing 

Xanthocephalus and Dolichonyx (as found with mitochondrial sequence) were within the South American 

clade, and none was strongly-supported.  

 Using the 119-taxon combined dataset, we found that the topologies of the single best tree from 

GARLI and the consensus tree from MrBayes were identical, even at poorly supported nodes, with one 

exception—the Bayesian tree found Curaeus forbesi sister to Gnorimopsar with poor (61% posterior) 

support, whereas in ML, those lineages were sequentially nested branches in relationship to other taxa (Fig. 

3-4). Assessments of whether support was robust, given our chosen thresholds, agreed at all but 8 of 116 

nodes. Five inferences received strong support only under ML: (1) exclusion  of Cacicus solitarius (with 

73% bootstrap, 78% posterior support) from a clade containing all other Cacicus except melanicterus, (2) 

placement of Psarocolius bifasciatus yuracares (77, 87) sister to the montezuma-cassini-guatimozinus 

clade, (3) pairing Icterus icterus with croconotus exclusive of jamacaii (88, 81), (4) support for a clade 

composed of Icterus galbula, abeillei, bullockii, and pustulatus (71, 87), and (5) monophyly of Quiscalus-

Euphagus exclusive of Dives atroviolaceus (73, 78). Three nodes were strongly supported only with 

Bayesian methods: (1) monophyly of Quiscalus lugubris (64, 98), (2) placement of Nesopsar sister to 

Agelaius (49, 99), and (3) monophyly of all other grackles and allies exclusive of Nesopsar-Agelaius (50, 
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99). To test whether the finding of strong support for those 3 nodes was peculiar to MrBayes, we used 

BEAST to analyze the same concatenated dataset and got the same results (posterior probabilities of 97, 

100, and 100%, respectively). 

 

 

 

3-4. DISCUSSION 

 With this study, we present the first comprehensive species-level phylogeny of the Icteridae. By 

using mitochondrial gene sequences from all currently-recognized taxa, together with strategic sampling of 

4 nuclear loci and whole mitochondrial genomes at the generic level, we were able to resolve most 

relationships with high confidence. Our best-resolved phylogeny (Fig. 3-4) exhibits a topology that is 

consistent with the strongly-supported results of past studies, but it also contains many robustly-resolved 

inferences of relationship that eluded them, and which they did not recover with even plurality support. 

These novel hypotheses of relationship include some unexpected placements of taxa that had not been 

included in previous molecular phylogenies, resolution of the relationships among major subclades within 

Icteridae, and resolution of generic-level relationships within the largest of those subclades, the grackles 

and allies.     

 3-4.1. Congruence of results from different analyses.—Although we have no way of determining 

whether or how the inferences made with our most complete dataset were biased by the uneven coverage of 

mitochondrial and nuclear sampling across taxa, we can state with confidence that the heterogeneous 

addition of sequence data did not undermine recovery of relationships that received robust support with 

smaller datasets with more uniform coverage. The congruent results of the many different analyses that we 

performed, demonstrate that our findings were robust to variation in mitochondrial sampling, taxon 

sampling, and use of signal derived from either the mitochondrial or nuclear genomes. In general, nuclear 

loci were less successful than mitochondrial sequence for informing inferences of relationship at the tips of 

the tree, but they provided much stability to the resolution of basal relationships, and just as importantly, 

corroborated many of the surprising results of previous studies, which were based on mitochondrial data 

alone.   

 3-4.2. Icteridae and its major subclades.—Although the composition of Icteridae (as traditionally 

recognized) has rarely been questioned, until now (Barker et al. in press, and this study), robust support for 

its monophyly, and for resolving basal relationships within it, has been lacking. Lanyon and Omland 

(1999), using mitochondrial cytochrome b sequences, found strong (though, for the meadowlarks and allies, 

marginal) support for 5 major clades within the Icteridae, but not for their interrelationships, or for icterid 

monophyly (despite limited outgroup sampling). Klicka et al. (2007), using ND2 plus cytochrome b, found 

strong support for the Icteridae excluding meadowlarks and allies, but not for the family as a whole, or for 

monophyly of the meadowlarks and allies, or for basal icterid relationships. Our results using only ND2 

plus cytochrome b were much the same, but using the full mitochondrial dataset, we recovered all Icteridae 
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(against limited outgroup sampling), the meadowlarks and allies, and the rest of Icteridae, as clades with 

strong support. However, the full mitochondrial alignment was no better than smaller datasets for robustly 

resolving the topology of the set of short internodes connecting the long basal branches of the other 4 major 

clades—Amblycercus, the caciques and oropendolas, the orioles, and the grackles and allies—within 

Icteridae to one another.      

 Nuclear loci allowed us to reconstruct basal relationships within Icteridae with high confidence, 

and they resolved homoplasy in the mitochondrial signal such that support values were even higher using 

the combined dataset. We found a graded pattern of relationship among major clades, with the 

meadowlarks and allies sister to the rest of Icteridae (as in previous studies), and within that, the caciques 

and oropendolas, including Amblycercus, sister to a pairing of the orioles with the grackles and allies. Note 

that this pattern does not match mitochondrial topologies, which grouped (with poor support) the orioles 

with the caciques and oropendolas, a suggestion that concorded with traditional suppositions (e.g. 

American Ornithologists’ Union 1983). 

 3-4.3. Meadowlarks and allies.—The meadowlarks (Sturnella) generally inhabit open grasslands 

and are notable for their stocky build, long bill, relatively short tail, and contrastingly red or yellow breast 

versus cryptically-streaked dorsal color patterning. Prior to the present study, which included all 10 species 

of meadowlarks and allies, a thorough molecular treatment was lacking. Lanyon and Omland (1999), in 

their study of Icteridae, included 6 of the 10 species. Barker et al. (2008) also included 6 species in their 

treatment of the yellow-breasted meadowlarks, but the 3 red-breasted species served only as outgroups. We 

found that relationships of the 3 red-breasted species not included in previous studies fit traditional 

expectations: each is sister to the species with which it has sometimes been considered conspecific—S. 

militaris with superciliaris, loyca with defilippii. Both our mitochondrial and nuclear datasets supported 

monophyly of the red and yellow-breasted groups, which we note are genetically more divergent (~15%) 

than any other congeners within Icteridae. The meadowlarks were once divided between the genera 

Sturnella, Leistes, and Pezites, which this study demonstrates were all monophyletic as originally defined 

(though support for placement of S. bellicosa with loyca and defilippii, to constitute Pezites, was weak in 

most analyses), but Short (1968) argued for their merger for lack of substantial morphological and 

ecological divergence. Sibley and Monroe (1990) gave new life to Leistes, citing Parker and Remsen 

(1987), who argued for its continued recognition based on behaviors shared with Agelaius phoeniceus and 

not with Sturnella. When molecular studies later found S. bellicosa more closely related to L. superciliaris 

than to the yellow-breasted Sturnella spp., the genus Leistes was abandoned since it made Sturnella, as then 

defined (i.e. inclusive of Pezites), paraphyletic. Note that based on our phylogeny, the behaviors and 

ecological attributes of the former Leistes spp. that have generally been interpreted as primitive traits 

(shared with Agelaius), are instead, derived.  

 One of the most surprising findings of the first molecular phylogenies of Icteridae (Lanyon 1994, 

Lanyon and Omland 1999), was that Xanthocephalus is not allied with Agelaius, as had always been 

supposed from behavioral and ecological similarities, but rather, that it is most closely related to 
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Dolichonyx and Sturnella. Our nuclear and mitochondrial datasets both supported that unexpected 

grouping, but it was in the precise pattern of divergences among those three genera that we encountered the 

only instance (in this study) of conflict between strongly-supported nodes inferred from nuclear versus 

mitochondrial sequences. Nuclear data placed Xanthocephalus sister to a Dolichonyx-Sturnella clade, 

whereas mitochondrial data supported a sister relationship between Xanthocephalus and Dolichonyx. We 

obtained all 4 nuclear loci used in this study, and a substantial amount of mitochondrial sequence, from 

each of these taxa, so it seems that many additional loci will be necessary to resolve these relationships 

with confidence. It is perhaps worth noting that although Xanthocephalus and Dolichonyx are more closely 

related to Sturnella than to other icterids, that their relationship is still a very distant one with respect to 

genetic divergence. These taxa are peculiar (e.g. Dolichonyx is unique among blackbirds, and unusual 

among passerines, for undergoing two complete molts per year and for being an interhemispheric migrant), 

and so phenotypically divergent from one another, that their morphologies and behaviors are not 

particularly suggestive of one resolution of their relationships over another.  

 3-4.4. Caciques and oropendolas, including Amblycercus—The caciques and oropendolas (~23 

sp.) are inhabitants of tropical forests, where their pendant nests and displays can make them quite 

conspicuous, especially in the case of polygynous colonial species. They span an amazing range of sizes, 

from small species like Cacicus sclateri (23 cm, 57 g), to enormous beasts like Psarocolius montezuma (up 

to 53 cm, 560 g), which dwarf all other blackbirds (Fraga 2011). For practitioners of molecular 

phylogenetics, the most notable quality of the group is that it has evolved DNA sequences that when 

analyzed, yield well-resolved and strongly-supported hypotheses of relationship (e.g. this study, and see 

Price and Lanyon 2002), even when internodes are short (One explanation may be small effective 

population sizes in polygynous species). Our main concerns were to achieve complete taxon sampling, and 

to use nuclear loci to test some of the surprising findings of previous studies, which used only 

mitochondrial DNA. We also propose a number of taxonomic revisions, many of them already long 

overdue given results of previous studies (i.e. Price and Lanyon 2004a, 2004b). 

  Mitochondrial DNA, even with increased sample size, was not able to recover the cup-nesting 

cacique, Amblycercus, as sister to the typical caciques and oropendolas, but nuclear loci did so with very 

strong support (in both concatenated and species-tree analyses), as did the combined dataset. Like 

mitochondrial data, the nuclear loci indicate that the genetic divergence of Amblycercus from the other 

caciques and oropendolas is substantial. Nuclear markers also supported the position of Cacicus 

melanicterus outside the rest of the typical caciques and oropendolas (see Results, section 3-3.5), and the 

combined dataset placed it sister to them with strong support; consequently, that taxon should be restored to 

Cassiculus. The remaining caciques and oropendolas sort into two clades, one containing all species 

currently placed in Psarocolius, and the other comprising mostly Cacicus spp.  

 Mitochondrial data placed Cacicus solitarius sister to Psarocolius, but with only weak support. By 

contrast, nuclear loci strongly supported a sister relationship of Cacicus solitarius to the other Cacicus spp., 

as did analysis of the combined dataset under ML (Bayesian analysis recovers the same topology with 
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weak support). Consequently, our study found that Cacicus solitarius need not be renamed to 

Procacicus, as has been proposed (Fraga 2005), though it could be done without rendering a revised 

Cacicus (i.e. exclusive of Cassiculus) paraphyletic. A very surprising finding of previous studies was the 

sister relationship between Ocyalus and Clypicterus (Freeman and Zink 1995, Price and Lanyon 2002), and 

the position of those taxa well outside of Psarocolius. Those results led to restoring Clypicterus to its 

monotypic genus (from Psarocolius); however, subsequent work (Price and Lanyon 2004a), which even 

more surprisingly, demonstrated that those taxa are imbedded well within Cacicus, has thus far been 

ignored in taxonomic revisions. We found strong nuclear (and combined) support for placement of Ocyalus 

and Clypicterus in the Cacicus clade; consequently, those species should be renamed to that genus. We 

were not able to resolve the relationships among Ocyalus, Clypicterus, and Cacicus haemorrhous with 

confidence. Elsewhere within Cacicus, we also recovered the same pattern of relationships found by Price 

and Lanyon (2004a), except that we included, for the first time, C. koepckeae, which grouped sister to 

sclateri, as anticipated (Cardiff and Remsen 1994), with strong support. Following Price and Lanyon 

(2004a), we included samples of deeply divergent subspecies of Amblycercus and several Cacicus taxa, 

which should probably be recognized as species. Note that some authorities (e.g. Jaramillo and Burke 1999, 

Fraga 2011, Gill and Donsker 2012) recognize Cacicus (uropygialis) microrhynchus and then treat C. u. 

pacificus as a subspecies of microrhynchus, when in fact, pacificus is more closely related to C. u. 

uropygialis. 

  Within Psarocolius, we recovered the same pattern of relationships found by Price and Lanyon 

(2002, 2004a), but we added 3 species missing from previous studies. We found that two of the newly 

sampled taxa, P. cassini and guatimozinus, are sister to one another, and that montezuma is sister to that 

pair. We expected the other newly-sampled taxon, P. b. bifasciatus, to group with P. b. yuracares because 

those taxa are usually treated as conspecific, but instead, it grouped with viridis. It is perhaps worth 

remembering that, because of its quite different appearance, the close relationship of viridis to those other 5 

taxa (which formerly constituted the genus Gymnostinops), was itself a surprise when first discovered 

(Price and Lanyon 2004b), although song characteristics supported the alliance; indeed, that result has yet 

to be embraced by taxonomic authorities (e.g. Gill and Donsker 2012, Remsen et al. 2012), who still list 

viridis between the much more distantly-related atrovirens and decumanus. Still, given the very similar 

appearance of bifasciatus to montezuma, cassini, and guatimozinus, and its very shallow genetic divergence 

with its putative sister taxon, viridis (thus limiting opportunity for phenotypic divergence of viridis), this 

hypothesis of their relationship strains credibility and will require further investigation. Note that 

divergences among all these taxa are very shallow, but that all nodes were strongly-supported under ML. 

Finally, note that we chose, for the sake of clarity, not to include multiple representatives of P. decumanus 

and angustifrons, even though both species contain divergent lineages; we instead refer the reader to Price 

and Lanyon (2002, 2004a). Both complexes require further investigation and taxonomic revision. Some 

authorities have suggested recognizing P. angustifrons alfredi as a species, but the divergence of P. a. 
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atrocastaneus from nominate angustifrons is much deeper and needs to be considered in conjunction 

with that proposal. 

 3-4.5. Orioles.—The orioles, a group of small arboreal or shrub-dwelling icterids, many of them 

with distinctive orange and black plumage patterns, represent the second-largest of the major clades within 

Icteridae, yet all ~33 species are classified into the same genus, Icterus. The orioles have been the subject 

of intensive systematic study (Omland et al. 1999, Lovette et al. 2001, Allen and Omland 2003, Sturge et 

al. 2009, Jacobsen et al. 2010, Jacobsen and Omland 2011), including very thorough sampling at the 

subspecies level, and use of both mitochondrial DNA and multiple autosomal and Z-linked nuclear introns. 

These studies have generally found high concordance between signals, and been successful at resolving 

speciation events separated by very short internodes (Jacobsen et al. 2010), but they have also uncovered 

instances of conflict between nuclear and mitochondrial markers, conflicts that are unlikely to be results of 

incomplete lineage sorting (Jacobsen and Omland 2011). It seems that introgressive exchanges among the 

ancestors of a few species, some of which are involved in different hybridization interactions at present, has 

complicated the histories of their genomes. Efforts by other researchers to probe these complex cases, and 

to reconstruct the phylogeny of Icterus with even more loci, are well in hand; consequently, we chose, in 

our study, to direct our resources elsewhere within Icteridae, rather than to match or duplicate those efforts.  

 Nuclear marker sampling in our study was limited to one representative from each of the three 

major clades within Icterus. Consequently, we did not have much opportunity to, nor did we, encounter any 

cases of conflict between nuclear and mitochondrial signals. The pattern of relationships that we recovered 

was equivalent to that described in previous studies that utilized essentially the same mitochondrial dataset 

(e.g. Omland et al. 1999). Likewise, we were no more successful than previous studies (e.g. Sturge et al. 

2009) at resolving relationships within the Caribbean radiation that includes the members of the former I. 

dominicensis complex, a task for which whole mitochondrial genomes might prove useful. One outstanding 

problem that we did address, was the relationships among the troupials, a group of orioles that are unusual 

for their large size, white irides, and blue-colored bare skin around their eyes. We included I. jamacaii, 

which is the only species of oriole missing from previous studies, as a COX1 sequence obtained from 

GenBank (Table 3-2), and hoped to resolve its position relative to the other two troupials using that lone 

mitochondrial fragment. A closer relationship of I. icterus to croconotus than to jamacaii received strong 

support under ML, but not using Bayesian methods. If accurate, this relationship is contrary to treatment of 

croconotus as a subspecies of jamacaii, as done in classifications that recognize only two species of 

troupial (e.g. Sibley and Monroe 1990). Finally, we note that inclusion of samples of I. cayanensis, 

chrysocephalus, and pyrrhopterus in this study should not be interpreted as an endorsement of resolving 

species limits within that complex (D’Horta et al. 2008) to those taxa, but rather, was done to illustrate 

representative divergences within that complex using names that appear in current taxonomic lists and 

other references. 

 3-4.6. Grackles and Allies.—The grackles and allies are the most taxonomically diverse major 

clade of Icteridae, yet most species exemplify the attributes commonly associated with the family (at least 
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among English speakers), as it is to them, among New World birds, that the “blackbird” label was 

bestowed. Many species in the clade are entirely black, and like their Old World namesake, spend much 

time foraging terrestrially within the natural or anthropogenic savannah and marshy grassland habitats that 

they frequent.  

 One of the main goals of this study, was to resolve generic-level relationships within the grackles 

and allies. Although we succeeded for the most part, or at least better than any previous study, a definitive 

resolution of basal relationships within the clade remains elusive, as neither whole mitochondrial genomes 

nor the nuclear loci we sampled, provided consistently-robust support for all relationships. Studies based on 

ND2 plus cytochrome b (e.g. Johnson and Lanyon 1999, Eaton 2006) found Nesopsar and Dives to be 

sequentially sister to all other grackles and allies, whereas in this study, whole mitochondrial genomes 

placed Nesopsar in a poorly-resolved basal position relative to Agelaius, Molothrus, and a strongly-

supported Dives-Euphagus-Quiscalus plus South American endemics clade. Note that although the finding 

of a sister relationship between the South American blackbirds and Dives-Euphagus-Quiscalus also 

received strong support in combination with nuclear loci, it was dependent on the signal from whole 

mitogenomes, and thus was novel to this study (e.g. it was not recovered by Barker et al. in press). Nuclear 

loci supported the Dives-Euphagus-Quiscalus clade, and further, a sister relationship between Nesopsar 

and Agelaius. Though the latter relationship is seemingly compatible with the poorly-supported result from 

the full mitochondrial dataset, the nuclear and mitogenomic signals were apparently antagonistic, such that 

in the combined dataset analysis, the Nesopsar-Agelaius pairing received inconsistent (49% ML bootstrap, 

99% Bayesian posterior probability) support. When coupled with inconsistent (50% ML bootstrap, 99% 

Bayesian posterior) support for the monophyly of the remaining grackles and allies, these conflicts yielded 

a less than fully-robust final result for the resolution of basal relationships in the grackles and allies, the 

topology of which (Fig. 3-4) is altogether unique to this study. We are presently unable to explain the 

differing signals contained in the nuclear and mitochondrial genomes of Nesopsar, but the issue is not a 

result of differences in overall base composition (Powell et al. 2013). 

 Another goal of our study was to robustly-resolve relationships among the motley assemblage of 

enigmatic species that compose the South American endemic clade, which is exceptional for the diversity 

of plumage patterning, morphology, and habitat preferences of its members, and for reports of cooperative 

breeding in many species (Fraga 2008). The diversity of the group is reflected in its taxonomy—with 13 

genera, 8 of them monotypic, its 19 species account for nearly half of all genera in Icteridae. We sequenced 

nuclear loci from most species, but analyses of those sequences resolved only 4 nodes with strong support, 

and two of those were almost certainly erroneous since they (a) received strong support only with Bayesian 

analysis of the concatenated dataset, (b) were not found, even with weak support, in trees recovered with 

mitochondrial data, combined nuclear and mitochondrial data, or in any of the species-tree analyses using 

*BEAST, and moreover, (c) they strongly contradicted several strongly-supported relationships found in 

other analyses, including (1) a Macroagelaius-Gymnomystax-Lampropsar-Hypopyrrhus clade, (2) a 

Chrysomus-Xanthopsar-Pseudoleistes clade, (3) monophyly of Agelasticus, (4) a sister relationship of 
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Curaeus curaeus with Amblyramphus, and (5) a sister relationship of Oreopsar with Agelaioides. In 

combination with ND2 plus cytochrome b sequences, the contribution of noise and misleading signal from 

the nuclear loci was substantial enough to nullify the mitochondrial signal, yielding a tree with a unique 

topology and only two strongly-supported nodes within the clade (Barker et al. in press). By contrast, trees 

inferred from ND2 plus cytochrome b alone (Johnson and Lanyon 1999, Cadena et al. 2004, Eaton 2006), 

though lacking support at many nodes, were topologically similar to our best inferences. We found that 

whole mitochondrial genomes were able to robustly resolve most nodes in the group, even in combination 

with the nuclear dataset (though its inclusion weakened support values). The only case of strongly-

supported agreement between those markers was the sister relationship between Xanthopsar and 

Pseudoleistes.  

 Apart from stronger support for many nodes, the novel findings of this study, with respect to the 

South American clade, include recovery of a Macroagelaius-Gymnomystax-Lampropsar-Hypopyrrhus 

clade, and inclusion of two species that were absent from previous molecular studies. As expected, 

Macroagelaius subalaris was recovered as sister to M. imthurni. By contrast, Curaeus forbesi did not group 

with C. curaeus in any analyses, but rather, defined its own long branch in a grade between a strongly 

supported C. curaeus-Amblyramphus clade and Gnorimopsar. Morphologically, C. curaeus, C. forbesi, and 

Gnorimopsar are all quite similar—for example, they all have distinctively lanceolate feathers, with 

flattened rachides, around the head (but note that this trait is also found in distantly-related Hypopyrrhus)—

and specimens of forbesi have been mistaken for Gnorimopsar (Short and Parkes 1979). In a few analyses, 

we recovered forbesi as sister to Gnorimopsar with weak support; regardless, the taxon clearly does not 

belong in Curaeus, and unless a wholesale taxonomic revision of the South American clade is undertaken 

to lump most of the group into a single genus, it seems that naming forbesi to a new monotypic genus is in 

order. Elsewhere within the clade, our results concord with past studies, and so taxonomic revisions of the 

past decade remain appropriate, including naming several former Agelaius spp. to Agelasticus and 

Chrysomus (Lowther et al. 2004). Note that taxonomies currently differ in the naming of Oreopsar, either 

as Oreopsar badius, or following Lowther (2001), as Agelaioides oreopsar, a usage that recognizes the 

sister relationship between that taxon and A. badius. Given that avian taxonomists have generally been 

loath to placing species with distinctly different (judged according to a threshold that is locally contextual) 

characteristics within the same genus, that case and the South American clade in general, presents a 

challenge to those who seek also to avoid monotypic genera. Certainly the strongest case for grouping 

genera (based on genetic divergence and the strength of inference of their relationship) could be made for 

renaming Xanthopsar to Pseudoleistes, but taxonomists have thus far not chosen to do so because those 

species are perceived as being very different in kind. The results of molecular phylogenetic studies have not 

led to any reappraisals of the similarities of the South American endemic species, so unless a different 

standard, such as closeness of relationship, is adopted to measure the utility of generic naming, the 

taxonomy of that clade does seem an appropriate reflection of its diversity. 
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 Another case in which taxonomic revision is in order is that of Dives atroviolaceus, which we 

found is sister to Quiscalus-Euphagus, not other Dives. Although exact placement of atroviolaceus relative 

to Euphagus and Quiscalus was somewhat unstable (Additional sequencing, now underway using a fresh 

tissue specimen, may yield a definitive result.), its closer relationship to one or both of those taxa than to 

Dives received strong support. Consequently, atroviolaceus should be restored to its former monotypic 

genus, Ptiloxena, as is already done in one prominent current reference (Fraga 2011), based on behavioral 

characteristics and following the suggestion of Webster (2003), who measured divergences among species 

according to skeletal measurements. Ironically, because it is precisely opposite to our finding despite 

leading to the same nomenclatural solution, Webster (2003) argued for the distinctiveness of atroviolaceus, 

and thus its renaming, based on its morphological divergence from other Dives and Quiscalus, and he 

suggested the revised Dives and Quiscalus were morphologically similar enough that they might be 

merged. Finally, the genus Quiscalus warrants additional phylogeographic study and revision of species 

limits because several species (some of them not monophyletic) contain deeply divergent lineages (see 

Powell et al. 2008). 

 3-4.7. Concluding thoughts.—We hope that this first complete species-level phylogeny of the New 

World blackbirds proves a useful resource for additional comparative studies of morphological, behavioral, 

and ecological trait evolution in the Icteridae. For studies that require an explicit hypothesis of relationships 

and divergences, we recommend using the topology from our ML analysis of the complete dataset (Fig. 3-

4). We also hope that this paper serves as a reference for identifying opportunities for more detailed 

molecular studies of phylogeography and species limits in certain taxa, and that it inspires a new generation 

of multi-locus and mitogenomic studies of the phylogeny of Icteridae. 
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Figure 3-1. Phylogeny of the New World blackbirds (Icteridae) inferred from 
mitochondrial DNA sequences of 119 taxa (outgroups not shown). The topology shown 
here  is the single best tree (−lnL = 112546.18) found under maximum likelihood (ML). 
Nonparametric bootstrap percentages from ML analysis appear immediately above or 
below branches. Filled circles indicate nodes with estimated posterior probabilities of ≥ 
0.95 in Bayesian analyses of the same dataset.  
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Figure 3-2. Phylogeny of the New World blackbirds (Icteridae) inferred from nuclear 
DNA sequences of 46 taxa (outgroups not shown). The topology shown here  is the single 
best tree (−lnL = 14620.36) found under maximum likelihood (ML). Nonparametric 
bootstrap percentages from ML analysis appear immediately above or below branches. 
Filled circles indicate nodes with estimated posterior probabilities of ≥ 0.95 in Bayesian 
analyses of the concatenated dataset, and filled squares indicate nodes that also received 
posterior probability estimates of ≥ 0.95 in species-tree analyses.  
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Figure 3-3. Phylogeny of the New World blackbirds (Icteridae) inferred from 
mitochondrial and nuclear DNA sequences of 46 taxa (outgroups not shown). The 
topology shown here is the single best tree (−lnL = 105577.92) found under maximum 
likelihood (ML). Nonparametric bootstrap percentages from ML analysis appear 
immediately above or below branches. Filled circles indicate nodes with estimated 
posterior probabilities of ≥ 0.95 in Bayesian analyses of the concatenated dataset, and 
filled squares indicate nodes that also received posterior probability estimates of ≥ 0.95 in 
species-tree analyses.  
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Figure 3-4. Phylogeny of the New World blackbirds (Icteridae) inferred from 
mitochondrial and nuclear DNA sequences of 119 taxa (outgroups not shown). The 
topology shown here is the single best tree (−lnL = 127734.65) found under maximum 
likelihood (ML). Nonparametric bootstrap percentages from ML analysis appear 
immediately above or below branches. Filled circles indicate nodes with estimated 
posterior probabilities of ≥ 0.95 in Bayesian analyses of the same  
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APPENDIX 1 
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mitochondrial genomes. These publications were examined to determine what data partitioning schemes 
were applied and which portions of mitogenomic sequences were excluded from analyses. The first set 
(List A) constitutes a relatively unbiased sample of current practice, whereas the second set (List B) was 
assembled as a supplement to the first to further review the practices of researchers especially concerned 
with phylogeny estimation and thus most likely to employ exemplary phylogenetic methods.  
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included a phylogenetic analysis, of 91 studies published in conjunction with submissions of whole 
mitochondrial genome sequences of animals to GenBank during 2009–2010 reviewed by the authors.  
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APPENDIX 2 

  
Supplemental results and discussion relating to sequencing and characteristics of the mitogenomes of the 
grackles and allies subfamily of New World blackbirds (Icteridae). Section A2-1 expands upon Results 
section 2-3. 1. 1, and section A2-2 relates to Results section 2-3. 1. 3.  
 
A2-1. Sequencing and mitogenome organization. —Although amplification and sequencing of 
mitogenomic fragments was unproblematic for most taxa, we were unable to sequence two successfully 
amplified sections from Icterus and one fragment from Lampropsar (Table 1). We found one instance of 
heteroplasmy for a single position in Agelaius phoeniceus (16S, base 1826, alignment position 1840), and 
possibly also in Agelaiodes (control region, base 16587, alignment position 16669) and Pseudoleistes 
guirahuro (control region, base 16245, alignment position 16324). All other samples yielded single 
invariant sequences with clean fragment overlap. Putative protein-coding genes from all final sequences 
yielded open reading frames with no internal stop codons, all structural RNA genes transcribed to 
apparently stable RNA structures with conserved motifs, and variation across the genome alignment was 
biased toward synonymous, non-coding and unpaired positions; these characteristics suggest a purely 
mitochondrial origin for the sequences reported here.  
 Once the mitogenomic sequences were aligned, we found gene overlaps and locations of 
intergenic spacers to be identical to Taeniopygia except that (1) Quiscalus quiscula has a 10 bp insertion at 
the juncture of its tRNAGln and tRNAMet genes such that they do not overlap as in other taxa and are instead 
separated by 9 bp, (2) Oreopsar has a 3 bp insertion within (what is in other species) the third codon prior 
to the stop codon of COX2, which adds a leucine when translated, and (3) Pseudoleistes guirahuro has a 
substitution that converts the usual COX2 stop to a glutamine codon; presumably, the thymine that follows, 
and which is a 1 bp intergenic spacer in other species, serves as the stop codon after posttranscriptional 
polyadenylation. Most other interspecific variation in start and stop codons (Table S3) resulted from 
substitutions, but Euphagus cyanocephalus, Nesopsar, and Quiscalus quiscula have a single thymine 
insertion in their ND1 stop codon that converts it to TAG from AGG and that frameshifts the third position 
of the original stop codon to the subsequent intergenic spacer.  
 
A2-2. Heterogeneity among taxa and across genomes. —Base composition of variable sites (n = 3798) 
differed slightly among taxa, ranging from 38. 9 to 41. 1% for A, 43. 2–46. 1% for C, 3. 5–4. 8% for G, and 
9. 6–12. 8% for T. The base composition of Dives at variable sites was significantly different from the other 
species (χ2 = 15. 96, df = 3, P = 0. 03 after Bonferroni correction), primarily owing to its low T content, 
though it also shares with Icterus the highest C content seen among the sampled taxa. No spatial pattern of 
base substitution bias was apparent across the mitogenome of Dives, as judged from sliding window 
analyses of inferred changes (not shown). The proportionality of C to T in Dives appeared to be reflective 
of a more general pattern—we compared the percentages of those bases to one another among taxa and 
found them to be negatively correlated (r = −0. 818, P << 0. 001), as too were the percentages of A and G 
(r = −0. 658, P = 0. 001). Differences in base composition among taxa were not correlated with our 
inferences of phylogenetic relationships.  
 As reported in Results (section 3. 1. 3), we found no evidence of variation in base composition and 
evolutionary model parameter estimates across the mitogenomes that might relate to strand-asymmetric 
replication processes. Note that the strand-displacement model of mitogenome replication has not been 
confirmed in birds, and that it has been called into question, even for mammals (Bowmaker et al. 2003, 
Yasukawa et al. 2006, Holt 2010, Pohjoismäki et al. 2010; but see Bogenhagen and Clayton 2003), leaving 
the mechanistic basis for linear gradients, where they do occur, unknown.  
 Although we found no evidence for mitogenome-wide compositional gradients, cursory 
examination of base frequency estimates across the alignment (Fig. S1) suggests constraints on 
exchangeability, with an inverse relationship between local frequencies of A and C versus G and T. That 
apparent pattern is corroborated by correlations among parameter estimates from non-overlapping 
subsamples of our sliding window analyses: rAG = −0. 55, rAT = −0. 74, rCG = −0. 72, rCT = −0. 74 (all P < 0. 
001, corrected for multiple comparisons). However, although G and T content are positively correlated (rGT 
= 0. 69, P < 0. 001), A and C frequencies vary independently of one another (rAC = 0. 16, P = 0. 36). 
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Transitional biases also appear related to local variation in base frequencies, showing a negative 
correlation with frequencies of G and T (rGκ = −0. 45, P < 0. 01; rTκ = −0. 58, P < 0. 001).  
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