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My research agenda as a Ph.D. Candidate has been primarily driven by a fascination with 

the boundary between micro- and macroevolution. While these intellectual domains are most 

commonly studied separately from of one another, I do not regard them as products of distinct 

phenomena; to me, they are different manifestations of the same underlying evolutionary 

processes. As such, I am motivated to understand the mechanisms linking microevolutionary 

processes to macroevolutionary patterns. Some of the questions that guide my research program 

include: What are the roles of evolutionary contingency and convergence in generating patterns 

of biodiversity? Why might certain modes of evolution predominate over others? What are the 

drivers and constraints on evolutionary change? Are there evolutionary ‘laws’? 

My first two dissertation chapters focus on evolutionary questions at relatively recent 

timescales. The most significant of these interests focuses on the biogeography and evolution of 

neotropical suboscine passerines, a speciose group of modern birds representing ~10% of living 

bird diversity. In particular, I focus on two South American avian clades, Cotingidae (Berv and 

Prum 2014), and Pipridae (forthcoming work, Berv et al 20xx), which are characterized by a 

fascinating diversity of plumages, vocalizations, and display behaviors. These works evaluate 

several hypotheses about the origins of diversity in the Amazonian and Andean regions of Latin 

America. 

While the first half of my dissertation reports on avian microevolution, I am also deeply 

fascinated by macroevolutionary patterns. Birds are one of the most broadly appreciated groups 

of living organisms, but the origins of modern birds are shrouded in mystery. After the 

Chicxulub asteroid struck the Yucután peninsula 66 million years ago (the K-Pg event), up to 
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75% of life on Earth was lost. It took millions of years for ecosystems to recover from this 

geologically instantaneous contingency. We know that at least a few early lineages of modern 

birds survived and rapidly diversified in the wake of this event—but how? My dissertation 

research in this area leverages advances in DNA sequencing to investigate the impact of the mass 

extinction on bird evolution. In one chapter, I worked with a team of researchers to construct a 

new phylogenetic framework for understanding bird diversification (Prum, Berv et al 2015). In 

my final chapter (Berv and Field 2018), I propose and evaluate a new hypothesis—that the K-Pg 

event drove a macroevolutionary shift in the rate of avian genome evolution. 
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PREFACE 
 

 

 
“The affinities of all the beings of the same class have sometimes been 

represented by a great tree. I believe this simile largely speaks the truth. 

The green and budding twigs may represent existing species; and those 

produced during each former year may represent the long succession of 

extinct species…At each period of growth all the growing twigs have 

tried to branch out on all sides, and to overtop and kill the surrounding 

twigs and branches, in the same manner as species and groups of 

species have tried to overmaster other species in the great battle for 

life…Of the many twigs which flourished when the tree was a mere bush, 

only two or three, now grown into great branches, yet survive and bear 

all the other branches; so with the species which lived during long-past 

geological periods, very few now have living and modified 

descendants…As buds give rise by growth to fresh buds, and these, if 

vigorous, branch out and overtop on all sides many a feebler branch, so 

by generation I believe it has been with the great Tree of Life, which 

fills with its dead and broken branches the crust of the earth, and covers 

the surface with its ever branching and beautiful ramifications.” 

— Charles Darwin, 1859 
 
 
As the origins of Earth’s biodiversity come into clearer focus, the 21st century is becoming an 

increasingly exciting time to be studying evolution. One of the reasons for this sustained 

enthusiasm is the closure of the genomic data-gap—the sequencing revolution that has enabled 

us to peer into the blueprint of life with resolution perhaps unimaginable to researchers of earlier 

eras. Evolutionary biologists are now often faced with the challenge of processing and 

understanding an inundation of data, creating new imperatives for the training of researchers in 

the life sciences: in addition to studying classical genetics, we must now train in computing to 

analyze the datasets we generate. 

I have been extremely fortunate to have entered into my doctoral studies at a point in time 

in which the development of sequencing technologies has enabled evolutionary biologists to 

generate such datasets germane to evaluating fascinating questions that we could not previously 
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address. For example, in 2019, it has become almost routine to query the entire genome and its 

derivatives, to search for genotype-phenotype associations in non-model organisms. The study of 

speciation itself has also grown tremendously, and the paradigm of species as products of 

gradually accumulating genic variation shaped mostly abiotic forces has begun to give way to the 

perspective that novel combinations of ancestral variation can also punctuate gradients of 

diversity with new forms. 

In my subfield of phylogenetic systematics, a parallel revolution has occurred in the 

development of statistical methods which help us evaluate hypotheses about the timing and 

correlates of evolutionary patterns. These developments can be traced to the first rigorous 

attempts to use computers to infer the relationships among organisms in the 80s by Joe 

Felsenstein, David Hillis and their contemporaries. But today, 20 years into the new century, the 

unification of sophisticated computer science and natural history science has led to a truly 

remarkable ability to query the history of life. While we may never know the ‘truth’ about some 

things, the mathematical language which enables us to use the available evidence to test 

interesting hypotheses is maturing and becoming more accessible. 

It has indeed been awe-inspiring to observe the pace at which my field has developed 

since I entered graduate school in 2013, and since I began seriously thinking about evolution a 

decade ago. One important lesson I have learned over the course of my Ph.D.is that even the 

most impressive genomic datasets sometimes do not provide clear answers. While we can now 

address some long-standing questions with more data, more data may not help if you are asking 

the wrong question—indeed it can be positively misleading. This is strongly exemplified by 

recent efforts to elucidate the higher-level relationships among bird families, which is the focus 

of one dissertation chapter (below). The complexity of genome-scale data has highlighted to me 
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the fundamental inadequacy of many commonly used models, and that the assumptions 

underlying such models are sometimes better described as exceptions. 

My own growing awareness of this issue has led me to think about the way we acquire 

knowledge in my discipline less in terms of the discovery of absolute truths, but in terms of 

evaluating competing models, each with different assumptions which may or may not be met, 

and each with parameters which may or may not be sufficient. In this era of big data science it is 

worth emphasizing that a good model with limited data may produce a better inference than a 

poor model with unlimited data, and that good models for limited data may not be the same 

models as those that would be best for unlimited data. Future breakthroughs will come from 

identifying the aspects of our models which fail to explain the pronounced heterogeneity of 

process and pattern required by the unlimited genomic data we now collect. Moreover, if 

Stephen Jay Gould’s perspective that nature is “so hierarchically ordered in a causal sense…that 

distinct processes emerge at a series of ascending breakpoints in time and magnitude” (Gould 

1994) is true, then we might expect to require fundamentally different models to describe 

observations made at different scales, even if the phenomena which ultimately generated those 

scales are fundamentally the same (below). 

Given these challenges, it amazes me that we do as well as we do at modeling complex 

evolutionary phenomena, considering that often we cannot easily derive experimental evidence 

to validate our models and their implications. Neontologists who study evolutionary systematics 

are much like cosmologists in that we often have no direct evidence of the inherently historical 

phenomena we are studying—only their contemporary products, most often in the form of DNA 

sequences or anatomical and other traits. We may also only have a single slice of time on which 

to apply our models to divine the process which generated our contemporary observations [of 
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course, this is a somewhat weak analogy because cosmologists have the added benefit of actually 

being able to see directly and literally into the past]. 

The only direct evidence of evolution on geologic timescales, indeed the evolutionary 

process at all, is the fossil record. While the fossil record is of course invaluable, our ability to 

answer specific evolutionary questions is first conditioned on the combination of luck and skill 

required to find and correctly identify fossils germane to those questions, and/or in identifying 

natural experiments with independent historical replication. In this respect, paleontologists are 

perhaps more like archaeologists: there often are no longer contemporary examples of their 

research foci, so inferences must be drawn from a patchy historical record. 

Therefore, if we are to understand the evolutionary process, we must recognize that we 

are constrained by the adequacy of the models we use, which aim to interpolate and integrate a 

patchy record of different data types through time and space, even when we are lucky enough to 

have multiple timepoints represented. 

 My own perspective on the history of life is certainly biased, as it comes primarily from 

neontological studies of avian phylogeny. I am not overly familiar with the invertebrate, 

vertebrate, and non-animal fossil records, though my understanding of the avian fossil record is 

steadily improving. I still have much to learn from these areas, and as I transition to the next 

phase of my career at the University of Michigan Museum of Vertebrate Paleontology, I am very 

grateful that I can continue to be a student of paleontological and neontological tools with which 

I hope to help bridge the intellectual and parametric gaps that characterize our present state of 

knowledge. 
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Introduction 

 My research agenda as a Ph.D. Candidate has been mostly driven by a fascination with 

the boundary between micro- and macroevolution. Microevolutionary processes are those which 

are commonly identified as those occurring within species, perhaps even within a single 

population—mutation, drift, selection, and migration, each mediated by the life histories and 

unique physiologies of organisms. By contrast, macroevolutionary patterns can only be observed 

through a wider lens—these are patterns evident across multiple species or taxa, often through 

deep evolutionary time: speciation, extinction and patterns thereof. While these intellectual 

domains are commonly studied in isolation of one another, they are not products of distinct 

phenomena; they are different manifestations of the same underlying evolutionary processes. As 

argued by Stephen Jay Gould and George Gaylord Simpson in various works, micro- and macro-

evolution should not be viewed as opposed, but as truly complimentary (Gould 1994). While the 

purpose of this introduction is not to summarize the immense body of theory that exists on that 

topic, it is fair to say I have grown particularly motivated in my Ph.D. to contribute to our 

developing understanding of the links between microevolutionary processes and 

macroevolutionary patterns. 

I can trace my initial interest in these topics to work I did as an undergraduate and post-

graduate at Yale University ~2008-2013. I started my university education on a pre-medical 

track, having volunteered in a molecular neuroscience lab when I was in high school (also at 

Yale, having been a local student). Most of my friends in biology were also pre-med, though I 

lived with a few who would go on to become engineers, financiers, and entrepreneurs.  

My first real exposure to evolutionary biology happened in 2008. I record this brief story 

only to highlight how my entire career trajectory may have hinged on a single serendipitous 
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decision made a long time ago. When I was a sophomore in college, I had an open slot in my 

course schedule because I had placed out of an otherwise required pre-med course. I still recall 

leafing through ‘the blue book’ (which has by now migrated online), and finding a course called 

“Ornithology,” taught by a professor named Richard Prum, whom I had never previously heard 

of. I remember reading something about the dinosaur ancestry of birds in the course description 

and feeling like a bomb had been dropped in my world. 

 That was 11 years ago this year. I ended up taking the course (an upper level elective, 

without having taken the pre-requisites) mostly because it sounded fun, and for the first time in 

my academic life I was exposed to material that was fascinating on its own, not because it felt 

like a means to some other career-related end. I loved this experience and subject matter, and I 

didn’t have to work to enjoy it. Though it might be cliché, people talk about ‘finding their 

calling,’ and this was it for me, though it took another year or so for me to formally transition to 

declaring myself an Ecology and Evolution major, and for me to work up the nerve to ask Rick if 

he would take me on as an undergraduate researcher. 

I worked a number of bird evolution projects with Rick as an undergraduate, and for a 

few years after as a technician. Working with Rick, as well as Kristof Zyskowsi (a collections 

manager at the Yale Peabody Museum) I was eventually invited to participate in several field 

collecting trips that each left me awe-struck, and I continued to seek out field opportunities, 

mostly for the adventure; between 2007 and 2013, I helped with field research in Ecuador, South 

Africa, Suriname, Papua New Guinea, Guatemala, and Honduras. I became interested in 

Neotropical grassland birds, some of which have intriguing patterns of disjunct distributions 

across the Amazon Basin, and we came up with an idea to study the comparative biogeography 

of these birds. I was able to pursue that to an extent while working on other projects in Rick’s 
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lab, but ultimately several of these early projects remain unfinished. 

I applied to graduate school in 2012, and after accepting a position in Irby Lovette’s lab 

at Cornell University and the Cornell Laboratory of Ornithology, I deferred a year to start in the 

Fall of 2013. After a tough first semester teaching a writing intensive seminar, and a phenomenal 

trip as a TA to Kenya, Irby graciously allowed and encouraged me to continue pursuing ideas 

that had germinated earlier—including the ideas I had been developing on Neotropical birds.  

These early projects on grassland birds, among other things, led me to think about why 

co-distributed species may or may not share aspects of their evolutionary histories. With Irby’s 

input, I wrote an NSF Graduate Research Fellowship proposal focused on these ideas, and 

proposed a mechanism linking individual dispersal ability to macroevolutionary patterns. While I 

didn’t realize it at the time, these concepts directly connected a microevolutionary phenomenon 

(the actions or behaviors of individuals) to the evolutionary fate of the lineages of which they are 

members in a way that may have mechanistically explained some broad scale 

(macroevolutionary) observations. I recall conversations with Amy McCune and Anurag 

Agrawal, two obliging and invaluable members of my Ph.D. committee, in which we discussed 

the idea that differences in an organisms’ intrinsic life-history characters, such as generation 

length, may also contribute to macroevolutionary patterns. Soon after, I read George Gaylord 

Simpson’s ‘Tempo and Mode in Evolution’ on Amy’s recommendation, and it completely 

changed the way I think about evolutionary biology. In general, I was excited by the idea of 

being able to connect observations made at different temporal and spatial scales, and the idea that 

simple rules could generate complex emergent patterns. 

My GRFP proposal was funded, guaranteeing three years of uninterrupted research 

support. In the following year however, an enormous dataset I had worked to generate earlier fell 
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into my lap, and Irby encouraged me to pursue that project in the short term (summarized 

below). Ultimately, while my ideas about neotropical grassland taxa have not directly turned into 

dissertation chapters, I can now clearly see the links between those early conceptual ideas and 

the projects I ended up actually doing. 

 

Dissertation themes 

Though I have focused much of my research on birds, I now identify first as an 

evolutionary biologist. The lens through which I view biodiversity and the study thereof is the 

lens of Darwin’s conception of the “Tree of Life.” Though I do find birds immensely fun and 

fascinating and useful as a system to investigate various hypotheses, I aspire to be more 

question-based than I am taxon-focused. Some of the broader thematic questions that have 

inspired my Ph.D. research have included: What are the roles of evolutionary contingency and 

convergence in generating patterns of biodiversity? Why might certain modes of evolution 

predominate over others? What are the drivers and constraints on evolutionary change? Are there 

evolutionary ‘laws’, and how can we discover them? These topics have required an appeal to 

both micro- scale and macro-scale observations, and my dissertation chapters have thus required 

that I consider information from natural history, systematics, genomics, and paleontology, 

sometimes simultaneously, and often through the language of Bayesian statistics. 

 

Dissertation summary 

Part I: Two of my dissertation chapters focus on evolutionary questions at relatively recent 

timescales. The most significant of these interests focuses on the biogeography and evolution of 

neotropical suboscine passerines, a speciose group of modern birds that comprises ~10% of 
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living bird diversity. In particular, I have focused on two South American avian clades, 

Cotingidae and Pipridae, which are both characterized by a captivating diversity of plumages, 

vocalizations, display behaviors, and mating systems. In one chapter, I investigate how breeding 

system may affect the evolution of plumage coloration, in order to test Darwin’s hypothesis that 

polygyny drives the evolution of avian color dichromatism (Berv and Prum 2014). This project 

required that I generate the first comprehensive time calibrated phylogenetic tree for the 

Cotingidae (~70 species) based on DNA sequences, and then apply comparative methods to 

address a macroevolutionary hypothesis. One of the major challenges of this work was 

generating compatible DNA sequence data from old museum skins, and I spent several years 

focused on generating this dataset using sanger sequencing technology (next-generation methods 

have made this incomparably easier in the years since). While we did not find statistical support 

for Darwin’s original hypothesis, subsequent unpublished analyses I have performed have 

questioned this result and await either another student or more time for me to follow up. 

In another chapter that has been my prime focus at various points since 2011 (and most of 

the last two years in collaboration with Leo Campagna, Teresa Feo, Camila Ribas, Ivandy-Castro 

Astor, Richard Prum, and Irby Lovette), I investigate the historical biogeography and evolution 

of the cryptic neotropical species complex, Pseudopipra. While the intellectual seeds of this 

work were planted in some ways before I formally started graduate school, most of its 

development has been a consequence of a close collaboration with Leonardo Campagna, who 

helped tirelessly with all aspects of it, and without whom it would not have become nearly as 

interesting. 

Although many Neotropical birds have complicated distribution patterns, this taxon is 

particularly appropriate for assessing patterns of phylogenomic differentiation across a nested set 
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of spatial scales, as it is found on both sides of a variety of known dispersal barriers, including 

elevational gradients of the Andes, major Amazonian rivers, dry open habitats, tepuis, and the 

Isthmus of Panama. In this study, I apply a genomic technique to sample thousands of markers 

across a continental-scale sample of hundreds of individuals. My primary goal was to evaluate 

several hypotheses about the provenance of diversity in the Amazonian and Andean regions of 

Latin America, and to elucidate the history of a continental scale radiation, from the scale of 

individuals to multiple differentiated species. In particular, I address the hypothesis that lowland 

Amazonian rainforest diversity within this complex may have originated from montane Andean 

lineages. My investigations of Pseudopipra have also provided me two opportunities to study 

this species in the field, initially in Suriname (before I started graduate school in 2009—

specimen collecting), and then later in collaboration with Latin American scientists at the 

Instituto Nacional de Pesquisas da Amazônia (INPA) in Manaus, Brazil in 2015. In Brazil, I 

collected data on vocalizations and courtship behavior, which has helped provide phenotypic 

context to my studies of genomic variation. 

 

Part II: I have also used my Ph.D. as an opportunity to study broader scale patterns of avian 

phylogeny. As the only extant group of theropod dinosaurs, birds are one of the most broadly 

appreciated groups of living organisms, but despite the disproportionate scientific effort in 

elucidating bird biology, the origins of modern birds are still somewhat shrouded in mystery. 

In 2012, while working as a technician for Richard Prum, I began contributing to a team-

effort to generate a new phylogenetic hypothesis at the family level for all birds. The history and 

context of this project is somewhat complicated, so I have provided a brief summary here. First, 

we wanted to leverage advances in DNA sequencing technology previously developed by Alan 
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and Emily Lemmon, that had made it suddenly much easier to collect a genome-wide sample of 

long, high quality stretches of DNA. Next, we were propelled forward by knowledge of two 

independent groups of scientists working to publish on a similar topic. Our main goal was to try 

to generate a new genomic dataset quickly, to serve partly as an infrastructure project, and also to 

generate a new backbone for comparative analyses. We knew that one of the groups working in 

parallel was focused on generating whole-genome data for about 50 taxa, so our strategy was to 

complement their ongoing work with a larger taxon sample, but with lower data coverage. We 

eventually settled on a sample of 198 species of living birds, representing all major avian 

lineages, as well as two crocodilian outgroups. Then, in collaboration Alan and Emily, as well as 

Alex Dornberg, Daniel Field, and Jeffrey Townsend, it became my job to generate a 

phylogenetic hypothesis, as well as to estimate a new timescale of avian evolution. Fast forward 

three years, and in late 2015 in my third year of graduate school, I published this work as a co-

lead author in Nature (Prum et al. 2015). While I was not the sole lead author of this work (and it 

certainly could not have been finished without major contributions from all collaborators), my 

Ph.D. committee kindly offered to allow me to include this work as an additional chapter of my 

dissertation. In the few years since we published, a number of important works have questioned 

some of our results – so I emphasize that at this time (May 2019) there are still many unanswered 

(maybe even unanswerable) questions about the early evolution of birds. 

One of the conclusions of our 2015 study was that the age of modern birds may have 

been about ~72 Ma, considerably younger than some previous estimates, which ranged up to 

~160 Ma. However, issues of logical circularity became apparent soon after we published: 

sensitivity analyses of molecular data which did not include prior information on the age of the 

entire clade generated substantially older (~100 Ma) estimates which were incongruous with 
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what the fossil record would have us believe (closer to the K-Pg boundary ~66 Ma). This 

discrepancy between the signal from the fossil record and the signal from molecular data makes 

it difficult to reliably assess the impact of the K-Pg event on bird evolution. This incongruence, 

as well as patterns I noted when I had initially performed the divergence time analysis for Prum 

et al. (2015), led me to consult again with Daniel Field (then Ph.D. Candidate in Jacques 

Gauthier’s lab, now Lecturer at the University of Cambridge, UK). Daniel describes himself as a 

paleo-ornithologist and having come from a more traditional background of paleontology, we 

began discussing the context in which early birds must have evolved. 

A key observation was that our previous divergence time analysis indicated pronounced 

heterogeneity (~20x) in the rate of molecular evolution (that is, the underlying rate of sequence 

evolution on a per-lineage basis) across the avian tree of life in our new dataset. At the time, I 

didn’t appreciate how much research had been done on understanding heterogeneity in rates of 

molecular evolution across the Tree of Life, and I began reading intensively on the topic. Several 

names popped out as contemporary leaders in this sub-field of molecular systematics: Lindell 

Bromham, Simon Ho, Robert Lanfear, and many others. It quickly became apparent that one of 

the prime correlates of rate variation was generation length, often proxied via adult body size 

(observational data on generation length are hard to come by, even in birds). After a quick 

preliminary analysis, it became clear that adult body mass was highly predictive of the rate of 

molecular evolution across our dataset. 

Of course, in hindsight this makes sense – for instance, we intuitively accept that 

organisms like bacteria evolve quickly because of their dramatically shorter generation lengths. 

However, I had never before considered the idea that such differences in individual life histories 

of macro-organisms could leave clear fingerprints on model-based inferences of phylogenetic 
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history. This personal epiphany changed the way I look at phylogenies—I remember thinking to 

myself that while phylogenies are in many ways a gross abstraction of an incredibly complex 

process, their nested hierarchy of branch lengths contains much more information than just a set 

of topological branching order. In essence, model-based phylogenies derived from genomic 

sequence data are summary reconstructions of the entire population genetic history of clades. 

I sometimes like to use the analogy of pulling on a thread. In science, we sometimes 

identify threads of inquiry that are interesting for a particular reason, or perhaps have some 

intrinsic interest. But when you pull on that thread, it is sometimes hard to predict where you will 

end up. In this case, the thread was an observation of heterogeneity of pattern within a large 

dataset. I ended up with a new mindset with which to assess a perplexing conundrum 

surrounding the early history of bird evolution. 

When the Chicxulub impactor struck the Yucután peninsula 66 million years ago (the K-

Pg event), some estimates suggest that up to 75% of life on Earth was lost. Millions of years 

passed before ecosystems fully recovered from this geologically instantaneous environmental 

contingency. As we continue to learn from deposits all over the world (and increasingly from 

China), an incredibly diverse community of ancestral early birds went extinct at the K-Pg 

boundary. And while there must have been an element of chance in which lineages survived, we 

are learning that deterministic ecological factors also likely played a role. In other work from my 

Ph.D., I argued that ancestral ecological habit (terrestrially or arboreality) may have played an 

important role in avian survivorship (Field et al. 2018). But the question of the timing of bird 

evolution, one of the primary results from the 2015 study, required further treatment. 

My discussions with Daniel progressed, and we eventually arrived at a previously 

proposed idea, that the K-Pg event itself may have driven a macroevolutionary shift in the rate of 
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avian genome evolution in survivors of the K-Pg event. We know that at least a few early 

lineages of modern birds survived and rapidly diversified in the wake of this event—but what 

actually happened to those lineages which survived? I don’t remember if it was me or Daniel, 

but at some point during our discussions, one of us remarked that the observations I had made 

about rates of molecular evolution could be a convenient way to explain the divergence time 

issue, if birds got smaller at the K-Pg boundary. I recall Daniel excitedly mentioning that that 

mass extinctions had been previously proposed to filter out large bodied organisms through a 

poorly understood process paleontologists call the “Lilliput Effect.” Smaller bodied birds tend to 

have faster evolving genomes, and if only small birds survived, such a “Lilliput Effect” may 

explain part of the divergence time discrepancy. At this time, Daniel had become an authority on 

estimating the body mass of extinct birds, by comparing anatomical measures of living birds to 

different kinds of preserved skeletal elements in the fossil record. We realized that by joining 

forces, we could test the hypothesis of an ‘avian Lilliput Effect’ at the K-Pg boundary, directly 

integrating paleontological evidence with molecular data from living birds. 

From that point, we proceeded with an intensive investigation of these ideas that 

ultimately turned into one of my dissertation chapters (Berv and Field 2018). In brief, we found 

that an avian Lilliput Effect was a plausible explanation, at least in part, for over-estimations of 

divergence times in prior studies of avian phylogeny. 

 

Concluding thoughts 

 I hope that this introduction has provided some useful context for anyone reading in the 

future – it has been a fun exercise for me to reflect on the personal intellectual journey that has 

led me to the synthesis of ideas, disciplines and tools discussed above. In this final section, I 
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would like to make some predictions about where I think my field may go over the next decades. 

 First, my studies of neotropical diversification have re-emphasized to me something 

which we already accept—that patterns of diversity in the tropics are likely dramatically 

underestimated. My focal studies of tropical diversity in several avian clades have concentrated 

on the New World tropics, which may have some peculiarities, but I think some reasonable 

generalizations can be made. Though I have not studied conservation biology from a theoretical 

perspective (and am not well informed on the latest trends within that field), the conservation of 

tropical biodiversity will be extremely difficult without better documentation of the patterns of 

diversity which exist to be conserved. For example, if we aim to protect evolutionarily distinct 

forms of whatever degree we eventually decide is most important, knowledge of historical and 

contemporary genetic diversity, as well as contemporary and historical relationships, is essential. 

Acquiring this knowledge demands rejuvenated and sustained effort in specimen collection and 

curation, as well as standardized analyses of patterns of genetic diversity. 

It might seem like taxonomic breadth may be more important than detailed investigations 

of single taxa at this point. However, if a majority of tropical taxa contain unrecognized and 

deeply divergent cryptic species (which is certainly true of many tropical birds, and probably 

true of all other major organismal groups), we will need to cover both taxonomic breadth across 

recognized species, as well as depth within recognized species, to fully characterize patterns of 

extant diversity. Given that most theoretical and empirical work attempting to understand the 

drivers of neotropical diversification are conditioned on taxonomy-based hypotheses, it is 

difficult to gauge where these investigations may be falling short. I fear that current trends and 

nationalist politics may preempt the acquisition of this knowledge before we can learn enough to 

make informed conservation decisions and protect our global heritage. 
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Second, and on a generally more positive note, I think that the ongoing synthesis of 

neontology and paleontology is going to lead to a new renaissance in comparative biology. At 

present, I think it is fair to say that a majority of neontological comparative biologists working 

with DNA sequence data have only considered using fossils in terms of parameterizing models 

of divergence time analyses. But I think that perhaps in some ways we have missed the forest for 

the trees. Clearly fossils provide invaluable information about the timing of events, but fossils 

also inherently possess an astonishing amount of information beyond their geologic context 

which pertains directly to analyses of molecular sequence data. For instance, fossils can tell us 

many things which are directly correlated to population genetic or demographic parameters; 

genome size, body size, population size, generation length, metabolic parameters, ecological 

habit, and much more, all leave tell-tale fingerprints (though some no doubt clearer than others). 

I anticipate that ongoing advances in statistical approaches will increasingly enable neontological 

and paleontological datasets to talk to each other, thereby allowing us to address fascinating 

questions such as: 

1) What does the relationship between the rate of molecular evolution and life history traits 

look like, across the genome? 

a. Are there particular types of loci which are more correlated to life history traits 

than others? Why or why not? 

b. Can we detect candidate loci for complex phenotypes by looking for shifts in the 

rate of molecular evolution across the genome? 

2) Can we use models of DNA sequence evolution to study the history of life history 

diversity? 
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a. Does mass extinction leave a deterministic imprint on the genomes of surviving 

lineages? 

b. Can we use models of sequence evolution to ground truth estimates of ancestral 

state reconstructions? 

c. Can we use models of sequence evolution to inform predictions of phenotypes or 

life history characters for recently extinct or living taxa that cannot easily be 

measured? 

3) What must we believe about molecular evolution in order to believe or disbelieve the 

fossil record? What must we believe about the fossil record in order to believe or 

disbelieve patterns of molecular evolution? 

Each of these related questions and sub questions encompass broad domain of intellectual 

inquiry and will keep me and many other scientists busy for many years. 
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ABSTRACT: The Neotropical cotingas (Cotingidae: Aves) are a group of passerine birds that 

are characterized by extreme diversity in morphology, ecology, breeding system, and behavior. 

Here, we present a comprehensive phylogeny of the Neotropical cotingas based on six nuclear 

and mitochondrial loci (~7500 bp) for a sample of 61 cotinga species in all 25 genera, and 22 

species of suboscine outgroups. Our taxon sample more than doubles the number of cotinga 

species studied in previous analyses, and allows us to test the monophyly of the cotingas as well 

as their intrageneric relationships with high resolution. We analyze our genetic data using a 

Bayesian species tree method, and concatenated Bayesian and maximum likelihood methods, 

and present a highly supported phylogenetic hypothesis. We confirm the monophyly of the 

cotingas, and present the first phylogenetic evidence for the relationships of Phibalura 

flavirostris as the sister group to Ampelion and Doliornis, and the paraphyly of Lipaugus with 

respect to Tijuca. In addition, we resolve the diverse radiations within the Cotinga, Lipaugus, 

Pipreola, and Procnias genera. We find no support for Darwin’s (1871) hypothesis that the 

increase in sexual selection associated with polygynous breeding systems drives the evolution of 

color dimorphism in the cotingas, at least when analyzed at a broad categorical scale. Finally, we 

present a new comprehensive phylogenetic classification of all cotinga species. 

 

1. Introduction 

The cotingas (Cotingidae) are a diverse radiation of Neotropical, suboscine frugivores 

and omnivores that includes 66 species in 25 genera (Snow, 1982, 2004; Kirwan and Green, 

2012). Cotingas are well known for their diversity in sexual dimorphism, plumage coloration and 

ornamentations, vocalizations, display behaviors, and breeding systems. The family includes 

species with concentrated leks (e.g. Guianan Cock-of-the-Rock, Rupicola rupicola), dispersed 

leks (e.g. Phoenicircus red cotingas), solitary leks (e.g. Procnias bellbirds), socially 

monogamous species (e.g. Ampelion cotingas, Phytotoma plantcutters, and Pipreola fruiteaters, 

etc.), and even group living territorial species with helpers at the nest (Purple throated Fruitcrow, 

Querula purpurata). 
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Cotingas also encompass a great diversity of avian plumage coloration mechanisms. 

Various cotingas produce plumage colors with (1) eumelanin and phaeomelanin pigments, (2) a 

tremendous diversity of dietary and physiologically modified carotenoid pigments, (3) spongy, 

medullary structural coloration in barb rami, (4) iridescent barbule structural coloration (in 

Cephalopterus umbrellabirds), and (5) combinations of barb structural coloration and carotenoid 

pigments (e.g. green plumages in Pipreola and female Procnias) (Prum et al., 1998, 1999; Prum 

et al., 2012; Saranathan et al., 2012). 

 Variation in cotinga plumage is not restricted to the coloration alone. Many male cotingas 

have unusual plumage ornaments like the vertical crests of Cocks-of-the-Rock, or the forward-

bending crown feathers that give the Cephalopterus umbrellabirds their common name. Cotingas 

also exhibit a wide diversity of fleshy skin ornaments which includes the structurally colored 

bare blue crowns of Perisocephalus tricolor, the blue face and neck skin of Gymnoderus foetidus, 

the bare green throat skin of Procnias nudicollis (Prum and Torres, 2003), the bare black throat 

patch with dozens of thin, wormy wattles of Procnias averano, the single, feathered nasal wattle 

of Procnias alba (Burton, 1976), the three, bare black nasal and rictal wattles of Procnias 

tricarunculata, and the elongate bare or feathered breast wattle of the umbrellabirds. 

 Cotingas also vary strikingly in their vocal behavior and acoustic signaling. A few 

species vocalize very infrequently (Carpodectes nitidus, C. antoniae, and Xipholena sp.) 

(Kirwan and Green, 2012). However, the Procnias bellbirds and Lipaugus pihas produce some of 

the loudest bird vocalizations in the world (Nemeth, 2004). Procnias bellbirds are also the only 

members of the suboscine clade demonstrated to exhibit vocal learning (Saranathan et al., 2007; 

Kroodsma et al., 2013). In order to produce these diverse and variable vocal signals, the cotingas 

are tremendously diverse in syringeal morphology, and many genera are identifiable by unique 

syringeal morphology (Prum, 1990, Prum, unpubl. data). Several cotinga species also produce 

conspicuous mechanical wing-sounds as part of their courtship displays (e.g. Rupicola, 

Phoenicircus, and Cotinga) (Snow, 2004). 
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 Further, cotingas vary in the relation between breeding system and sexual plumage 

dimorphism. Cotingas include polygynous, sexually monomorphic species that advertise with 

largely acoustic signals (eg. Lipaugus), monogamous, monomorphic species (eg. Ampelion, 

Zaratornis), monogamous, dimorphic species (eg. Pipreola, Phytotoma), and polygynous, 

dimorphic species (e.g. Procnias, Cotinga). Ohlson et al. (2007) first tested the hypothesis that 

the sexually dimorphic, polgynous state in the cotingas was derived from a sexually 

monomorphic, monogamous root state (Snow, 1973) but limited taxon sampling and poor 

resolution at the base of their tree resulted in equivocal reconstructions. 

 Comparative analysis of the evolution of the morphological, behavioral, and ecological 

diversity of cotingas requires a comprehensive species-level phylogeny of the family. 

Anatomical and molecular phylogenetic studies have largely resolved the previously confusing 

limits of the cotinga clade (Prum, 1990; Prum et al., 2000; Johansson et al., 2002; Ohlson et al., 

2007, 2013; Tello et al., 2009), but previous phylogenetic analyses have not attempted to 

reconstruct the relationships among a comprehensive sample of cotinga species. Previous studies 

have also focused on analyzing single locus or concatenated data sets that assume gene-tree 

concordance. 

 Here, we present a comprehensive phylogeny of the cotingas based on molecular data for 

up to ~7500 base pairs of nuclear introns (MYO, G3PDH), exons (RAG-1, RAG-2), and 

mitochondrial genes (CYT-B, ND2) for a sample of 61 species in all 25 cotinga genera, and 22 

species of suboscine outgroups. Our cotinga sample includes all but four currently recognized 

species in the family: Handsome Fruiteater Pipreola formosa and Golden-breasted fruiteater 

Pipreola aureopectus, Chestnut-capped Piha Lipaugus weberi, and Grey-winged Cotinga Tijuca 

condita (all are narrow endemics with few specimens available). We analyze these phylogenetic 

data using a Bayesian species tree method, and concatenated Bayesian and maximum likelihood 

methods. We then present a comparative phylogenetic analysis of the evolution of cotinga 

breeding systems and sexual plumage dimorphism. Specifically, we test the hypothesis that 
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increased levels of sexual selection associated with polygyny have fostered the evolution of 

sexual dimorphism in plumage coloration.  

 

1.1. Taxonomic history of cotingas 

Traditionally, the cotinga family has included an even wider diversity of species than are 

currently placed in Cotingidae (Ridgway, 1907; Hellmayr, 1929; Snow, 1973, 1979). The 

historically broader limits to the family included becards (Pachyrampus), tityras (Tityra), 

purpletufts (Iodopleura), various genera of mourners (Laniisoma, Laniocera, Rhytipterna, and 

Casiornis), and often the Sharpbill (Oxyruncus cristatus). The traditional cotingas excluded the 

plantcutters (Phytotoma), which were often placed in the Phytotomidae (Snow, 1973, 1982; 

Lanyon and Lanyon, 1988), and Rupicola which was placed in Rupicolidae (Hellmayr, 1929). 

On the basis of syringeal anatomy, Ames (1971) removed Pachyrampus, Tityra, 

Rhytipterna, and Casiornis from the cotingas, and transferred them to the tyrant flycatchers 

(Tyrannidae). Using cladistic analysis of syringeal characters and protein electrophoresis, 

Lanyon and Lanyon (1988) moved Phytotoma into the Cotingidae near the Andean Ampelion 

species, as first suggested by Küchler (1936). In the first phylogenetic test of the monophyly of 

cotingas, Prum (1990) identified a clade of cotingas based on a derived insertion of an extrinsic 

syringeal muscle – M. tracheolateralis – on the lateral syringeal membrane between the A1 and 

B1 supporting elements. However, unrecognized evolutionary derivation (Lipaugus) and loss 

(Tityra) of complex intrinsic syringeal muscles contributed ambiguity to diagnosis of cotinga 

monophyly. Prum et al. (2000) largely confirmed the monophyly of the cotinga clade with an 

analysis of sequences of the mitochondrial gene cytochrome-B (CYT-B). However, they 

erroneously placed Oxyruncus within the cotinga clade based on an untranscribed nuclear copy 

of CYT-B (Johansson et al., 2002). Prum et al. (2000) confirmed Ames’ hypothesis that Tityra is 

closely related to Pachyramphus within the Schiffornis group– a novel clade made of former 

members of the cotinga, manakin, and flycatcher families (Prum and Lanyon, 1989). 
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Ohlson et al. (2007) provided a well-resolved phylogeny of 26 cotinga species in 22 genera 

based on ~2100 base pairs of nuclear and mitochondrial DNA (Fig. 1). They identified four main 

clades: (1) a montane fruiteater clade including Pipreola and Ampelioides as the sister group to 

the rest of the family, (2) the Ampelion clade including Ampelion, Doliornis, Zaratornis, and the 

Phytotoma plantcutters as the next sister group to the remainder of the family, (3) the Rupicola–

Phoenicircus clade, and (4) a diverse clade of the ‘core’ cotingas including the fruitcrows, two 

clades of pihas, and a clade of ‘canopy’ cotingas. Tello et al. (2009) analyzed ~4000 bases of the 

nuclear RAG-1 and RAG-2 genes for a slightly different sample of 25 cotinga species in 23 

cotinga genera. The Tello et al. (2009) phylogeny identified many of the same broad clades as 

Ohlson et al. (2007) but with a few slight differences: Snowornis was placed as the sister group 

to the Rupicola–Phoenicircus clade; this clade was sister group to the Ampelion clade; and the 

genus Carpornis was placed as the sister group to this larger clade. Within the fruiteaters, the 

Ampelion clade, and the fruitcrows, the phylogenetic relationships of Tello et al. (2009) and 

Ohlson et al. (2007) are highly congruent, but relationships between Lipaugus, Cotinga, and 

Procnias were inconsistent between the two studies (Fig. 1). 

Most recently, Ohlson et al. (2013) analyzed three introns and two exons (~6300 bp) across 

14 cotinga species (14 genera), and supported different phylogenetic relationships from both 

Tello et al. (2009) and Ohlson et al. (2007); the Ampelioides–Pipreola fruiteater clade was 

reconstructed as sister to all other cotingas in all three, but they inferred different relationships 

among the Snowornis–Rupicola clade, the ‘core’ cotinga clade, and the Ampelion clade. Further, 

Ohlson et al. (2013) placed Lipaugus within the ‘core’ cotingas, while Tello et al. (2009) placed 

it as the sister group to the rest of the clade. Regardless, inadequate taxon sampling in all prior 

analyses has limited overall resolution (Fig. 1). 

A few recent taxonomic changes have been recommended. Based on substantial genetic 

differentiation (Prum et al., 2000) and differences in syringeal morphology, Prum (2001) 

proposed the genus Snowornis for two Andean piha species-cryptolophus and subalaris – that 

were formerly in the genus Lipaugus. Ohlson et al. (2007) confirmed that Snowornis is 
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monophyletic, and not closely related to Lipaugus. In sum, previous phylogenetic studies of 

cotingas have not included enough taxa to test the monophyly of cotinga genera. This is partly 

because cotinga genera are so highly split – an average of only 2.6 species per genus – as a 

consequence of taxonomic splits that reflect extreme diversity in secondary sexual traits.  

 

2. Materials and Methods 

 

2.1 Taxon and character sampling 

We sampled frozen or preserved tissue samples of 63 specimens of 49 different cotinga 

species (Table 1). Although we had no tissue for the species, sequences for two nuclear and one 

mitochondrial genes from this species were available for Tijuca atra through GenBank (Ohlson 

et al., 2007). An additional 12 species were represented by 21 toepad samples from museum 

study skins (collected 1926–1970). In order to assess geographic variation within some cotinga 

species, multiple populations were sampled and analyzed for 11 different species (Table 1). 

 Outgroups include multiple representatives from all major clades of the superfamily 

Tyranni, three members of the tracheophone Furnarii, and three Old World suboscines. We 

included four species each of manakins (Pipridae), tyrant flycatchers (Tyrannidae), tityrids 

(Tityridae), other Tyranni with unresolved relationships to tyrannids (Oxyruncus cristatus, 

Piprites chloris, P. pileatus, and Calyptura cristata), an antbird (Formicariidae), an ovenbird and 

a woodcreeper (Furnariidae) (Table 1). 

We collected new DNA sequence data for four loci—two mitochondrial genes and two 

nuclear introns. The nuclear introns included myoglobin intron-2 (MYO) and glyceraldehyde-3-

phosphate dehydrogenase intron-11 (G3PDH). The mitochondrial loci included cytochrome B 

(CYTB) and NADH dehydrogenase subunit 2 (ND2). Sequences of target loci that were already 

available from prior studies were downloaded from GenBank, as well as sequences of two 

protein coding nuclear loci, (the recombination activating genes (RAG) 1 and 2), for 25 ingroup 

species and 16 outgroup species which were produced by Tello et al. (2009). In most cases, these 
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supplemental data were from the same individuals as in our study, or were from other individuals 

in the same population. See the Supplemental Appendix for details regarding PCR, DNA 

extraction and sequencing methods. 

 

2.2. Tree inference strategies and genetic distance metrics  

We explored our dataset with a three-pronged approach. For Bayesian species tree 

inference, we used the *BEAST multispecies coalescent method implemented in BEAST 1.7.5 

(Heled and Drummond, 2010; Drummond et al., 2012). For phylogenetic analysis of the 

concatenated super-matrix, we used MrBayes 3.2.1 (Ronquist et al., 2012) and RAxML 7.4.4 

(Stamatakis, 2006b; Stamatakis et al., 2008) to perform Bayesian and Maximum Likelihood tree 

inference. We also used MrBayes to infer gene trees for individual loci. For each analysis, we 

compared and ranked three partitioning schemes. For all phylogenetic reconstructions, we 

constrained the monophyly of New World suboscines and rooted trees with the Old World 

suboscines. With the exception of RAxML maximum likelihood analyses, all computations were 

carried out on the Omega Linux cluster at Yale West Campus. 

To explore empirical variation between and among species and genera, we computed 

uncorrected p-distance matrices for each locus in MEGA 5.1 (Kumar et al., 2008). We also 

calculated net distances between genera using the formula dA = dXY – ((dX + dY)/2), where, 

dXY is the average distance between groups X and Y, and dX and dY are the mean within-group 

distances (Kumar et al., 2008). These data are discussed in the Supplementary Appendix. 

 

2.3. Partitioning scheme and evolutionary model selection  

Recent empirical and theoretical studies have demonstrated that the choice of molecular 

data partitions can have a pronounced effect on the inference of topology and relative divergence 

times (McGuire et al., 2007; Li et al., 2008; Poux et al., 2008; Papadopoulou et al., 2009; Ward 

et al., 2010; Leavitt et al., 2013; Powell et al., 2013; Wu et al., 2013). An inappropriate 

partitioning strategy can also lead to misleading support estimates (Brown and Lemmon, 2007). 
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To try to control for these issues, we used PartitionFinder v1.01 (Lanfear et al., 2012), 

which uses several statistical criteria to evaluate and rank alternative partitioning strategies while 

simultaneously performing nucleotide substitution model selection for each partition. Thus, 

subsequent usage of the phrase, ‘‘partitioning scheme’’ will refer to both the particular groupings 

of data partitions for a given dataset, and the best-fit nucleotide substitution models applied to 

those groupings. 

Our general approach was to use PartitionFinder to choose an ‘‘optimal’’ partitioning 

scheme from a set of a priori schemes according to the Bayesian information criterion, or BIC 

(Schwarz, 1978). The BIC is defined as -2l + K log n, where l is the maximized log likelihood of 

the model, K is the number of estimable parameters, and n is the number of sites in the 

alignment. The BIC penalizes model complexity for increasing the number of parameters and the 

sample size. In contrast, the popular Akaike information criterion, or AIC (-2l + 2K) (Akaike, 

1974), accounts only for the number of model parameters, and tends to favor models that are 

more complex than those selected by the BIC (Posada and Buckley, 2004). Simulation studies 

also support the use of the BIC over the AIC for substitution model selection (Luo et al., 2010). 

 

2.4. Species tree and gene tree inference  

For species tree inference, we first used PartitionFinder to evaluate partitioning schemes 

for each locus separately. For protein coding loci, we compared three commonly tested schemes: 

(S1) codon positions 1, 2, and 3 together; (S2) positions 1 and 2 together and position 3 

separately; (S3) all codon positions separate. We then estimated a species tree with *BEAST, 

using the partitioning scheme with the lowest BIC score (best model) for each locus. In order to 

test the sensitivity of the inferred topology, we also estimated a species tree with alternative 

schemes. 

To allow each locus to evolve along independent topologies, the trees for nuclear loci 

were unlinked. We applied a lognormal relaxed clock to each locus, and selected the default 

Yule Process (pure birth) as the species tree prior to minimize the dimensionality of the analysis. 
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Because no reliable biogeographic or fossil ingroup calibrations are available for all subocine 

passerines, we calibrated the evolutionary rates of five of the six loci with previously published 

rates from other studies of passerine birds (Supplementary Table 6). We assumed a normal prior 

distribution for each rate calibration, and applied the conditional reference prior to the remaining 

un-calibrated locus (RAG-2) for which no explicit priors were available (Ferreira and Suchard, 

2008). We ran six independent analyses for 6.5 *108 generations, sampling every 1.0 * 105 

generations, which gave us 6.5 * 103 trees per simulation (run). After discarding the first 1.5 * 

103 trees per run (~23%), we combined the output files for each set of six analyses and 

summarized the maximum clade credibility (MCC) tree with median node heights across the 

final posterior distribution of 3.0 * 104 trees. 

We inferred individual gene trees in MrBayes using the partitioning schemes with the 

best BIC score as selected by PartitionFinder (Supplementary Table 5). We allowed each 

partition to evolve under its own model of evolution in MrBayes by unlinking all parameters 

across data partitions (using the commands: unlink shape = (all), pinvar = (all), statefreq = (all), 

revmat = (all)). We also allowed all partitions to evolve under different evolutionary rates by 

setting ratepr = variable. For each gene tree, we summarized four Metropolis-coupled Markov 

chain Monte Carlo analyses (MCMCMC), each with four incrementally heated chains. Instead of 

specifying an upper limit to the chain length, we used the automatic stopping criterion built into 

MrBayes (stopval = 0.01), and summarized 50% majority rule consensus trees after discarding 

the first 25% of the sampled trees as burn in. Individual gene trees as estimated by MrBayes are 

reported as Supplemental Figs. 3–8. 

 

2.5. Analyses of concatenated loci  

For analyses under the assumption of among gene-tree concordance, we considered two a 

priori partitioning schemes (C1, C2), and one scheme (C3), which was heuristically chosen by 

PartitionFinder’s ‘‘greedy’’ algorithm to optimize the groupings of the 12 codon and 2 intron 
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partitions. Scheme C1 analyzed each of the six loci under their own models (partitions by locus). 

In contrast, scheme C2 represented the ‘‘maximally’’ partitioned dataset, with 14 partitions. 

For analysis of the concatenated dataset in MrBayes, we applied the settings described in 

the previous section for individual loci to allow partitions to evolve under their own models and 

rates. After testing with default mixing settings, we decreased the temp parameter from 0.1 to 

0.025 to increase the acceptance rates for swaps between different chains of the analysis. All 

other parameters and priors were left at their default settings. For each partitioning scheme, we 

ran two independent analyses of 1.0 * 108 generations with four incrementally heated chains, 

sampled every 1.0 * 104 generations. This gave us a final distribution of 1.0 * 104 trees for each 

analysis, from which we generated a 50% majority rule consensus tree after discarding the first 

25% of the sampled trees as burn in. 

For maximum likelihood analysis of the concatenated dataset, we used the RAxML-

HPC2 on XSEDE (Stamatakis, 2006b; Stamatakis et al., 2008) application through the CIPRES 

Science Gateway (Miller et al., 2010) to compute 1000 rapid bootstrap replicates using 

partitioning schemes C1–C3. We selected the default option to use the GTRCAT model for the 

bootstrapping phase and the GTRGAMMA model for the final tree inference (Stamatakis, 

2006a). Finally, we summarized bootstrap support values on the best scoring ML tree. 

 

2.6. Assessing convergence of Bayesian analyses  

For Bayesian inference, including concatenated, individual locus, and species tree 

approaches, we examined the output log files by plotting log-likelihood values against the 

number of generations in the MCMC Trace Analysis Tool v1.5, ‘‘Tracer,’’ to assess whether or 

not the MCMC analysis had run long enough (Rambaut and Drummond, 2009). We also used the 

online tool AWTY (‘‘Are We There Yet?’’),’’ to graphically assess clade stability (Nylander et 

al., 2008). Using Tracer, we also ensured that the trace statistics of replicate analyses had 

converged on the same posterior distributions and that the effective sample sizes for all statistics 

were greater than 200 (most were greater than 1000). Where appropriate, we used the ‘sump’ 
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command in MrBayes to check that the potential scale reduction factors (Gelman and Rubin, 

1992) were close to one, and that the average standard deviation of split frequencies (Ronquist et 

al., 2012) was close to zero. 

 

2.7. Evolution of breeding system and sexual dimorphism in color  

Breeding systems and plumage color dimorphism were coded as binary traits 

(Monogamous = 0, Polygynous = 1; Monomorphic = 0, Dimorphic = 1). We obtained data on 

cotinga breeding behavior and sexual dimorphism from a recent comprehensive literature review 

(Kirwan and Green, 2012) and other recent publications (del Hoyo et al., 2004; Avalos, 2011; 

Belmonte-Lopes et al., 2011). There are scientific studies of breeding biology for some cotinga 

species; for many species however, there are only scattered observations or no information at all. 

For poorly known species, observations of female only nest attendance (e.g. Snowornis 

cryptolophus), or male lek display behavior were treated as evidence of polygyny. For some 

species, breeding systems were inferred from closely related congeners: e.g. all Carpodectes 

were presumed to be polygynous based on their male display behavior and observation of 

female-only nest attendance in C. nitidus. Six of ten species of Pipreola have undescribed nests 

or breeding systems, but all four known species with data have monogamous, biparental care 

(Kirwan and Green, 2012). 

The sister group to the cotingas is a very diverse clade of mostly monogamous tyrannids 

and tityrids (Ohlson et al., 2013), so by outgroup comparison monogamy was assumed to be 

primitive to the cotinga clade. Because polgynous species were overrepresented in our original 

outgroup sample, we pruned all outgroups for ancestral state reconstructions. Additionally, we 

pruned biogeographic replicates when appropriate. 

Sexual dimorphism was coded from visual inspection of study skins from the collections 

of the Yale Peabody Museum of Natural History and the American Museum of Natural History, 

which includes all the cotinga species of analyzed. Species were coded as sexually dimorphic if 

any plumage patches were diagnosably distinct in color or brightness between the sexes. Because 
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cotingas have four color-cones, including a violet cone with broad sensitivity into the near 

ultraviolet, they perceive an additional ultraviolet dimension to color diversity (Ödeen and 

Håstad, 2003; Stoddard and Prum, 2008). Therefore, our analysis based on human visual 

sensitivity is conservative with respect to possible sexual dimorphism in cotinga coloration. 

To reconstruct the evolution of cotinga breeding biology across the MCC species tree, we 

followed Wiens et al. (2011) and used a maximum likelihood strategy in Mesquite 2.75 

(Maddison and Maddison, 2011). For both characters, we compared the fit of a one-parameter 

(equal transition rates) Markov k-state model (Lewis, 2001), and a two-parameter (unequal 

transition rates) asymmetrical Markov k-state model (Pagel, 1997; Mooers and Schluter, 1999), 

and assumed equilibrium root state frequencies. For stand-alone reconstructions, we used 

likelihood ratio tests and information criteria to discriminate between these two models. In order 

to account for phylogenetic uncertainty in branch lengths and tree topology, we examined 

models of trait evolution across the distribution of 3.0 * 104 post-burn-in trees from our Bayesian 

species tree analyses, and report the mean and 95% confidence intervals of likelihood scores and 

p-values. Finally, we report preferred reconstructions of trait evolution mapped onto the species 

tree topology. 

To examine the potential co-evolutionary relationship between breeding system and 

sexual dimorphism, we used Pagel’s (1994) correlation test implemented in Mesquite 2.75 

(Maddison and Maddison, 2011). This method tests the independent evolution of two binary 

characters by fitting two models of evolution to the data and the phylogeny with maximum 

likelihood; one in which transition rates in one character evolve independently of the state of the 

other (Ho – 4 parameter), and a second in which the transition rates of each character are allowed 

to depend on the state of the other (H1 – 8 parameter). To calculate statistical significance, we 

compared the log-likelihoods derived from 1000 Monte Carlo simulations (with 100 likelihood 

search iterations each) of the independent and dependent models. As described above, we also 

examined how topological variation across the posterior distribution of trees affected this test’s 

statistical significance by comparing the log-likelihoods derived from 100 Monte Carlo 
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simulations (with 10 likelihood search iterations each) of the independent and dependent models, 

calculated across a random sample of 10,000 post-burn-in trees. 

 

3. Results  

 

3.1. Data partitioning  

 

For our species tree analysis, partitioning schemes were evaluated for each locus 

separately; PartitionFinder indicated that the maximally partitioned scheme S3 (with each codon 

position on different partitions) was significantly preferred for all protein-coding loci with the 

exception of RAG2 (ND2, ∆BICS2–S3 = 133; CYTB, ∆BICS2–S3 = 94; RAG1, ∆BICS2–S3 = 22). 

For RAG2, the intermediately partitioned scheme S2 (with the first two codon positions grouped 

together and the third separately) was preferred (RAG2, ∆BICS1–S2 = 157). A ∆BIC of 10 units or 

more is considered to represent a large improvement in model fit (Robert Lanfear, personal 

communication). Here, ∆BIC refers to the difference in model fit between the preferred scheme 

and the next best scheme. 

In comparing partition schemes for the concatenated analysis, scheme C1 (minimally 

partitioned) and C2 (maximally partitioned), PartitionFinder indicated scheme C2 was 

significantly preferred (∆BICC1–C2 = 3370). Using PartitionFinder’s ‘‘greedy’’ search algorithm, 

we identified a novel partitioning scheme (C3; ∆BICC2–C3 = 179) that was further preferred 

overall, and was composed of seven data partitions: (Partitions 1–3) The first, second, and third 

codon positions of ND2 and CYTB were each grouped together to form three data partitions, 

(Partition 4) the first codon positions of RAG-1 and RAG-2, (Partition 5) the second codon 

positions of RAG-1 and RAG-2, (Partition 6) the third codon positions of RAG-1 and RAG-2 

and the MYO intron, (Partition 7) the G3PDH intron. Detailed results from our tests of 

alternative partitioning schemes are summarized in Supplemental Tables 3–5. 
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3.2. Sequence characteristics and distance matrices 

 

Newly generated sequence data are deposited in GenBank (Accession Nos. KJ810194–

KJ810513). Final alignment sizes were: MYO, 790 bp; G3PDH, 440 bp; CYTB, 1143 bp; ND2, 

1041 bp; RAG-1, 2871 bp; and RAG-2, 1152 bp. The final concatenated alignment length was 

7437 bp. Post-burn-in data characteristics and estimated substitution model parameters are listed 

in Supplemental Table 2. The ranges of pairwise uncorrected sequence divergences for all loci 

and ingroup (cotingas) taxa are: ND2 (0.1– 27%), CYTB (0.3–21.1%), G3PDH (0.0–11.1%), 

MYO (0.1–6.4%), RAG1 (0.2–3%), RAG2 (0.5–4%). Average p-distances for all pairwise 

comparisons of cotingas are reported in Supplementary Table 9. 

 

3.3. Species tree topology  

 

The monophyly of the cotinga clade was supported with a posterior probability of one. 

As in some previous studies, the cotingas were found to be composed of five monophyletic 

clades that are the successive sister-groups to the rest of the family (Figs. 2 and 3).  

Our analysis reconstructs the fruiteaters as the sister group to all other cotingas. Within 

the fruiteaters, the monotypic Ampelioides is resolved as the sister group to the diverse genus 

Pipreola. Although not currently recognized as separate subspecies, the two east Andean 

populations of Ampelioides tschudii sampled from Ecuador and Peru exhibited an average 

genetic distance of 1.2%, indicating underestimated diversity within this quite ancient lineage. 

Within Pipreola, a clade including the two smallest-bodied species—P. chlorolepidota and P. 

frontalis—is the sister group to all other Pipreola. Then, P. whitelyi, from the isolated tepuis of 

southern Venezuela and Guyana, is the sister group to a lineage consisting of two wellresolved 

Andean clades. The first of these clades contains three mid-sized species, with lubomiirskii as the 

sister group to the welldifferentiated jacunda, and pulchra. The last clade in Pipreola consists of 

the three large species, with arcuata as the sister-group to intermedia and riefferii. All clades 
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within Pipreola were very highly supported, except for the monophyly of the sister group to P. 

whitelyi, (posterior probability, or PP, = 0.58). P. formosa and P. aureopectus were not available 

for this study; however, formosa is likely to be a member of the chlorolepidota-frontalis clade, 

and aureopectus is likely to be closely related to lubomirskii, jacunda, and pulchra (Snow, 

1982). 

The next cotinga clade consists of a novel group of four genera— Rupicola, 

Phoenicircus, Snowornis, and Carpornis (PP = 0.78). As in previous studies, Rupicola and 

Phoenicircus are sister groups, and we confirm the monophyly of each genus. Their sister group 

is a new clade consisting of the two Andean Snowornis species and the two southeast Brazilian 

Carpornis species (PP = 0.79). Our tree also confirms that Snowornis and Carpornis are each 

monophyletic. 

The third cotinga clade is the Ampelion group, which consists of its now traditional 

members – Zaratornis, Phytotoma, Doliornis, and Ampelion – but with a new addition – the 

Swallow-tailed Cotinga, Phibalura flavirostris. Zaratornis stresemanni is the sister group to the 

other four genera. The three species of Phytotoma form the next lineage in the clade, with rara 

as the sister group to rutila and raimondii. Then, Phibalura flavirostris is placed as the sister 

group to the Doliornis–Ampelion clade, and each of these genera is monophyletic. All clades in 

this assemblage received maximal support, except for the monophyly of the Phibalura–

Doliornis–Ampelion clade (PP = 0.56). 

The fourth cotinga clade consists of the five genera of fruitcrows. The resolution of this 

clade matches previous studies (Ohlson et al., 2007; Tello et al., 2009), with Haematoderus 

militaris, Querula purpurata, and Pyroderus scutatus as the successive sister groups to a clade 

including Cephalopterus and Perissocephalus. Intriguingly, in this first test of the monophyly of 

the three species of Cephalopterus umbrellabirds, the Capuchinbird Perissocephalus tricolor was 

placed as the sister to the Amazonian Umbrellabird C. ornatus (PP = 0.84). This resolution 

seems to be driven by the increased weighting of mitochondrial genes CYT-B and ND2 in the 

species tree analysis; P. tricolor was grouped with C. penduliger in the MYO gene tree, and its 
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relationships were unresolved in GP3DH. Tello et al. (2009) placed Perissocephalus as the sister 

group to a Cephalopterus–Pyroderus clade on the basis of RAG-1 and RAG-2. 

The final major clade includes a diverse radiation traditionally recognized as the ‘core’ 

cotingas (Prum et al., 2000). We resolve the Lipaugus pihas, with Tijuca atra embedded within, 

as the sister group to the other core cotingas. Within Lipaugus, Lipaugus unirufus, from Central 

America and the Chocó, is placed as the sister group to all others. The next branching lineage 

consists of a south-east Brazillian clade containing L. lanioides and T. atra. Known from only a 

single specimen, Tijuca condita was not available for this study, but based on plumage and 

behavior, it is likely to be the sister species to atra. The rest of Lipaugus consists of two clades. 

One of these clades contains the broadly distributed, lowland L. vociferans and the Rose-collared 

Piha L. streptophorus of the tepuis of eastern Venezuela and Guyuna. Their sister group is an 

Andean clade including L. fuscocinereus and L. uropygialis. The recently described Chesnut-

capped Piha L. weberi, from the north Colombian Andes, was unavailable for this analysis, but 

morphologically and acoustically it appears to be a member of the fuscocinereus-uropygialis 

clade (Cuervo et al., 2001, R. O. Prum, pers. obs.). 

The monophyly of the sister group of the Lipaugus–Tijuca clade is supported with a 

posterior probability of 0.94. The first branch within this clade consists of the four species of the 

genus Procnias. Within Procnias, there are two well-supported clades, an averano– nudicolllis 

clade, and an albus–tricarunculata clade (All PP = 1.0). 

The next successive clade consists of the monophyletic genus Cotinga, in which maynana 

and cayana are successive sister groups to the rest of the genus. Then, amabilis is placed as the 

sister group to two clades consisting of nattererii and ridgwayi, and maculata and cotinga. These 

relationships were all well supported (PP ≧ 0.95) except for the placement of amabilis (PP = 

0.67). This proposed relationship may be affected by the paucity of data for some these taxa (we 

were only able to sequence ND2 from toe pads of amabilis, nattererii, and maculata). 

Throughout our analyses, the most problematic (‘‘rogue’’) taxon to place 

phylogenetically was the Plum-throated Cotinga Porphyrolaema porphyrolaema (see Section 3.4 
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below). In the species tree, Porphyrolaema was placed as sister group to a clade of four genera 

with powder down – a special type of powder producing feathers – that has been identified in 

previous studies (Prum et al., 2000; Ohlson et al., 2007; Tello et al., 2009). This relationship for 

Porphyrolaema was supported with a posterior probability of 0.59. Within the powder down 

clade, as in previous studies (all PP = 1.0), Conioptilon mcilhennyi and Gymnoderus foetidus 

form a clade that is sister group to a clade including the monophyletic Xipholena and 

Carpodectes. Within Xipholena, X. punicea is the sister group to lamellipennis and 

atropurpurea. Within Carpodectes, hopkei is the sister group to the barely differentiated nitidus 

and antoniae. 

 

3.4. Congruence with concatenated analyses 

 

The result of the concatenated Bayesian analysis was highly congruent with the species 

tree analysis (91.5% topological similarity, see Supplemental Appendix), and differed only in 

regard to the resolution of four clades (Supplementary Fig. 2). The concatenated Bayesian 

analysis did not recognize the Rupicola–Phoenicircus clade and the Snowornis–Carpornis clade 

as sister groups. Rather, these clades were placed as separate, successive sister groups to the 

large core cotinga clade. Unlike the species tree, the concatenated Bayesian tree placed the 

Ampelion clade as more closely related to the core cotingas than the Rupicola–Phoenicircus and 

Snowornis–Carpornis clades. Within the core cotingas, the concatenated Bayesian tree placed 

the genus Cotinga outside the Lipaugus–Tijuca clade, which was then the sister group to 

Procnias, Porphyrolaema, and the power down clade. Lastly, within the genus Pipreola, the 

concatenated Bayesian trees placed P. jucunda as sister to P. lubomirskii instead of P. pulchra.  

The results of the concatenated maximum likelihood analysis identified the same trees as 

the concatenated Bayesian analyses with a single difference. In the maximum likelihood tree, 

Tijuca atra was placed as the sister group to Lipaugus excluding L. unirufus, while L. lanioides 

was placed as the sister group to the Andean fuscocinereus–uropygialis clade. 



19 

3.5. Outgroup relationships 

 

Our extensive sample of outgroup taxa provided substantial resolution to the 

phylogenetic relationships among the suboscines, which were identical among all analyses 

(Supplemental Figs. 1 and 2). Within the New World subsocines, the tracheophone Furnarii were 

recognized as monophyletic with a Thamnophilus antbird as the sister to two ovenbirds–

Lochmias and Lepidocolaptes. The monophyly of the Tyranni was recognized, with manakins as 

the sister group to the rest of the Tyranni. The sister group to the cotingas is a diverse clade 

consisting of the tityrids (Tityridae), Oxyruncus, Piprites, Calyptura, and the tyrant flycatchers 

(Tyrannidae). The proposed relationships were mostly congruent with the recent broad and better 

sampled studies of Tello et al. (2009) and Ohlson et al. (2013). 

 

3.6. Divergence time estimations and evolutionary rates  

 

Applying calibrations from previous literature, our species tree analysis estimated the age 

of the split between New World and Old World suboscines at 62.7 MY (95% highest posterior 

density (HPD): 54.4–71.6 MY), and the age of Cotingidae at 31.2 MY (95% HPD: 26.6–34.3 

MY). The updated estimates of substitution rates for the lognormal relaxed clocks per locus are 

listed in Supplementary Table 7. When viewed in the Tracer software, the ucld.stdev frequency 

histograms for ND2, RAG1, and RAG2 were abutting against zero, which indicates that we 

cannot reject the hypothesis of a strict clock for these loci (Drummond et al., 2007). MYO, 

G3PDH, and CYTB, however, do exhibit a small amount of significant branch rate 

heterogeneity. ND2 exhibited the least (σ = 0.11), while G3PDH exhibited the most (σ = 0.54). 

As expected, the average estimated mtDNA substitution rate (2.283%/MY) was significantly 

higher (~16x) than the average estimated nuclear rate (0.15%/MY). 

 

3.7. Evolution of cotinga breeding system and plumage dimorphism 
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All analyses supported a symmetrical rate of breeding system and sexual plumage 

dimorphism evolution (i.e., equal rates of evolutionary gains or losses). For reconstructions of 

breeding system evolution, a likelihood ratio test and AIC selection criterion failed to 

discriminate between symmetrical one-rate ( -log l = 17.1; AIC = 36.23) and asymmetrical two-

rate (-log l = 16.6; AIC = 37.17) models of character evolution (χ21 = 1.064; p = 0.23; ∆AIC = 

0.94). Likewise, reconstructions of sexual dimorphism evolution recovered similar results for 

symmetrical one-rate (-log l = 26.94; AIC = 55.88) and asymmetrical two-rate (-log l = 25.17; 

AIC = 54.33) evolutionary models (χ21 = 3.55; p = 0.06; ∆AIC = -1.55), all at a critical value of α 

= 0.05. When examined across the posterior distribution of 3.0 * 104 trees, the model 

comparisons from the MCC topology were robust to phylogenetic uncertainty (indicative of a 

high level of consistency across the posterior distribution of trees). Because two-rate models 

were never statistically preferred, we used the simpler single rate models for ancestral state 

reconstructions of sexual dimorphism and breeding system. 

When averaged across the posterior distribution of trees, the symmetrical rate model 

inferred at least two origins of polygyny, and three re-gains of monogamy within the cotingas (5 

steps) (Fig. 4, left). 71% of the trees in the analyzed posterior distribution predicted monogamy 

to be the most likely state at the root of the cotinga clade. The ancestor of the fruitcrows, pihas, 

and core cotinga genera was reconstructed as polygynous in 98% of trees. Within this major 

cotinga clade, subsequent reversals to monogamy were reconstructed in the lineages leading to 

Querula purpurata (100%) and the Conioptilon–Gymnoderus clade (80%). In contrast, the 

history of breeding system evolution in the Rupicola–Snowornis clade was more equivocal. 

There was an equivalent likelihood of a single common origin of polygyny in the most recent 

common ancestor of Rupicola and Snowornis with a subsequent reversal to monogamy in 

Carpornis, or two independent origins of polygyny in the Rupicola–Phoenicircus clade and the 

genus Snowornis. 

The pattern of sexual plumage dimorphism evolution is more dynamic but less 

ambiguous than the pattern of breeding system evolution. The preferred hypothesis of 
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dimorphism evolution supports a sexually dimorphic cotinga ancestor (100%), six independent 

derivations of sexual monomorphism, and two secondary transitions to sexual dimorphism (8 

steps) (Fig 4, right). Gains of monomorphism are predicted along lineages leading to Zaratornis 

(100%), Ampelion (95%), Pyroderus (100%), Perissocephalus, Lipaugus (85%), and Conioptilon 

(100%). Within Lipaugus, two reversals of sexual dimorphism are predicted in Tijuca atra and in 

L. streptophorus. 

Pagel’s 1994 test of correlated character evolution between breeding system and sexual 

dimorphism indicated that the transition-dependent eight-parameter model was not a 

significantly better fit to the data than the transition-independent four-parameter model on the 

MCC tree χ24  = 1.65; p = 0.30; ∆l = 0.83; ∆AIC = 6.36), or when averaged across 10,000 post-

burn in trees—average p = 0.35 [0.1-0.6]. Thus, breeding system and overall plumage 

dimorphism do not appear to be co-evolving in the cotingas, and this result appears robust to 

phylogenetic uncertainty. 

 

4. Discussion 

 

This comprehensive study of the relationships among the Neotropical cotingas establishes 

a strongly supported phylogenetic hypothesis for this highly diverse radiation. Our findings 

establish the first phylogenetic hypotheses for intrageneric relationships within the Cotinga, 

Lipaugus, Pipreola, and Procnias clades, and the first phylogenetic placement of the highly 

distinctive Swallow-tailed Cotinga Phibalura flavirostris. 

 

4.1. Phylogenetic approach 

This is the first estimate of the phylogeny of the cotingas or their tyrannoid outgroups 

using species tree approaches, which have the potential to account for the effects of both 

mutational and coalescent processes which affect DNA evolution (Barker et al., 2013). Because 

variance in coalescent processes can give rise to discordance among gene trees, analyzing 
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discordant loci together may produce misleading phylogenetic results (Edwards et al., 2007; 

Kubatko and Degnan, 2007; Degnan and Rosenberg, 2009; Song et al., 2012). By estimating a 

species tree from a collection of gene trees that are allowed to have different topologies, species 

tree inference can potentially overcome some of the problems of concatenation, and may support 

emergent relationships that do not appear in any individually estimated gene tree (Barker et al., 

2013). A recent simulation study also suggested that the *BEAST species tree algorithm is 

strikingly robust to missing data and terminals which only represent a single individual 

(Hovmöller et al., 2013). 

Because (1) a fair number of our samples are derived from museum specimens and 

contribute limited data, (2) most taxa in our study are represented by single individuals, and (3) 

of apparent gene-tree discordance (see Supplemental Appendix), we believe our species tree 

analysis (Figs. 2 and 3) should be preferred over our concatenated analyses (Supplemental Fig. 

2). Thus, the application of species tree methods to the phylogeny of cotingas and their tyrannoid 

outgroups provides robust new support for their historical interrelationships. Our species tree 

was very similar to that derived from mtDNA alone (Supplemental Table 8; 97.8% similarity), 

which is consistent with the increased weighting given to haploid DNA in a *BEAST analysis (a 

smaller effective population size means mtDNA is more likely to track speciation, assuming no 

hybridization or interspecific gene flow). 

Tree topologies varied remarkably little across tested partition schemes (not shown), but 

computation time varied widely. For instance, during our concatenated analyses, we noted that in 

comparison to typically applied schemes (C1, C2), we achieved a dramatic reduction (~10x) in 

the number of generations required to reach convergence on the same topology by utilizing the 

heuristically chosen scheme C3. 

On the other hand, computation time was substantially increased in the species tree 

analyses after selecting the maximally partitioned scheme for most loci (as optimized by 

PartitionFinder). While topologies in our case were generally robust to the applied scheme, there 

is no way to evaluate whether or not the signal underlying a given phylogeny is robust to such 
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methodological assumptions without testing them. Because easily implemented approaches to 

evaluate alternative partitioning strategies are now available (Li et al., 2008; Lanfear et al., 2012; 

Wu et al., 2013), they should be included in phylogenetic pipelines, if only to offer an additional 

level of support for a given result. 

 

4.2. Congruence with morphology  

 

The monophyly of the cotinga clade can be diagnosed anatomically by the insertion of 

the extrinsic syringeal muscle M. tracheolateralis on the lateral A1/B1 syringeal membrane 

(Prum, 1990). Within the cotinga clade, there are two instances of the evolution of intrinsic 

syringeal musculature – in Lipaugus and in Procnias; these derived intrinsic muscles retain the 

plesiomorphic insertion of the M. tracheolateralis on the lateral membranes. Syringeal 

morphology confirms the proposed phylogenetic placement of Phibalura. Lanyon and Lanyon 

(1988) identified the derived lateral expansion of the syrinx at the membranous insertion of the 

M. tracheolateralis as a synapomorphy of an Ampelion, Doliornis Phytotoma, and Zaratornis 

clade. This same derived morphological character is present in the syringes of three Phibalura 

flavirostris specimens (R. O. Prum, unpubl. observ.). In contrast, no syringeal specimens are yet 

available to assess whether either species of Tijuca share the syringeal synapomorphies of the 

genus Lipaugus. 

In most birds, including the tyrannids and tracheophone suboscines, the arterial supply to 

the hindlimb is provided by the ischiadic artery; however, in the manakins, tityrids, and most 

cotingas, the primary arterial supply to the hind limb is provided by the femoral artery (Garrod, 

1876; Midtgård, 1982; Prum, 1990). Prum (1990) found that an eclectic group of cotinga genera 

– Ampelioides, Pipreola, Rupicola, Phoenicircus, Carpornis, and Snowornis – lack the derived 

femoral artery state found in other cotingas, and share the primitive ischiadic hindlimb arterial 

character state. Indeed, this unusual anatomical condition provided the first evidence that the two 

Snowornis species were unrelated to the Lipaugus pihas (Prum, 2001). In the context of this 
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newly resolved molecular phylogeny, it is clear that the six cotinga genera with the primitive 

ischiadic artery character state consist of the members of the two basal clades of the family, 

indicating that there was likely a unique derivation of the derived hindlimb femoral artery 

condition in the most recent common ancestor of Ampelion and Cotinga. This morphological 

synapomorphy provides further support for this major cotinga clade, which only received 

moderate support in the species tree (PP = 0.73).  

The morphological diversity of the cotingas provides a great opportunity for future 

comparative studies of anatomical evolution. Even within the dominant diet of frugivory, 

cotingas exhibit extensive diversity in bill size and shape, gape width, and body size. For 

example, a phylogeny of the four species of Procnias provides an opportunity to reconstruct the 

evolution of their particularly diverse facial skin ornaments. A sparsely feathered, ‘‘bare’’ throat 

patch first evolved in the ancestor of the averano–nudicollis clade. This novelty subsequently 

gave rise to the evolution of a green structurally colored throat in nudicollis (Prum and Torres, 

2003), and to the proliferation of numerous, fleshy, wiggling black throat wattles in averano. 

Given the critical function of dermal melanization in the production of collagen fiber structural 

color in avian skin (Prum and Torres, 2003), the evolution of dermal melanization likely evolved 

in the ancestor of averano and nudicollis before their subsequent differentiation into their unique 

species morphologies. In contrast, long, muscular facial wattles characterize males of the albus–

tricarunculata clade. The central nasal wattle located at the base of the clumen at the nasofrontal 

junction is found in both species. In addition, P. tricarunculata sports two additional rictal 

wattles located at the junctions of the upper and lower mandibles. The nasal wattle apparently 

evolved first in the common ancestor of albus and tricarunculata. Then, the novel nasal wattle 

was duplicated into the rictal wattles of tricarunculata in an unusual form of ectopic anatomical 

expression, or homeotic evolution.  

 

4.3. Evolution of cotinga breeding biology 
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This resolved phylogeny allows us to reconstruct the evolution of sexual dimorphism and 

breeding system in the cotingas for the first time. The evolutionary history of breeding system 

diversity in cotingas is highly concordant with their phylogeny. Only five evolutionary 

transitions between monogamy and polygyny are required to explain the distribution of breeding 

systems within the 65 species in the family – either two origins of polygyny with three reversals, 

or three origins of polygyny with two reversals (Fig. 4, left). 

The evolutionary loss of extreme display polygyny, or lekking, is rather rare in birds 

(Prum, 1994). Examples include the Helmeted Manakin Antilophia galeata (Pipridae) (Prum, 

1994) and the ptarmigans (Lagopus, Tetraoninae) (Drovetski, 2002). The complete evolutionary 

loss of paternal care behavior and the associated evolutionary investment in elaborate forms of 

secondary sexual display may create substantial barriers to the reevolution of monogamy and 

biparental care (Prum, 1994). Thus, the newly documented reversals from display polygyny to 

monogamy in the Purple-throated Fruitcrow Querula purpurata, and in the last common ancestor 

of the Bare-necked Fruitcrow Gymnoderus foetidus and the Black-faced Cotinga Conioptilon 

mcilhennyi provide two examples of this rare and interesting class of evolutionary reversals. The 

Purple-throated Fruitcrow is notable for the further evolution of a cooperative breeding system 

that appears to be unique among all suboscines (Snow, 1971). In contrast, the evolution of sexual 

dimorphism in plumage coloration in the cotingas has been much more dynamic, but still reveals 

strong phylogenetic signal. Color dimorphism appears to be primitive to the clade, and has been 

lost five times and re-evolved twice, both instances within the lekking Lipaugus piha clade. 

Since Darwin (1871), the increase in sexual selection through mate choice associated 

with polygynous breeding systems has been hypothesized to foster the evolution of sexual 

dimorphism in plumage coloration. However, our analysis of the coevolution of breeding system 

and sexual plumage dimorphism indicates that these traits are evolutionarily uncorrelated in 

cotingas, at least at a broad categorical scale. Further, transitions between color dimorphism and 

monomorphism have occurred at approximately twice (Mk1 estimated rates: 0.016/0.009) the 
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rate at which transitions between monogamy and polygyny have occurred, which further 

suggests these characteristics may be evolutionarily decoupled. 

The two most diverse, monogamous lineages – the fruiteaters and the Ampelion–

Zaratornis clade–consist exclusively or predominantly of sexually dimorphic species. 

Furthermore, several polygynous lineages have evolutionarily lost sexual plumage dimorphism – 

i.e. Pyroderus, Perissocephalus, and Lipaugus. Interestingly, as pointed out for other lineages of 

birds (Irwin, 1994) the loss or acquisition of sexual dimorphism can be achieved by different 

kinds of evolutionary change. For example, the loss of sexual dimorphism in Lipaugus and 

Perissocephalus appear to be a consequence of the loss of male plumage brightness, whereas the 

loss of sexual dimorphism in Pyroderus is a consequence of the derived evolution of female 

plumage brightness. The few evolutionary transitions that conform to the sexual selection 

prediction – the gains of sexual plumage dimorphism in polygynous Tijuca and Lipaugus 

streptophorus, and the losses of sexual dimorphism in the monogamous Zaratornis, Ampelion, 

and Conioptilon – are not enough to establish a significant evolutionary correlation across the 

entire family. 

Although the cotingas include some of the most extravagant examples of sexual plumage 

dimorphism in birds – e.g. Cotinga and Rupicola species (Fig. 5) – polygyny itself does not 

explain our inferred evolutionary origins of plumage dimorphism. Furthermore, the breadth of 

ornamental advertisements available to birds– including elaborate vocal signals – means that 

sexual selection may switch to elaborating different classes of ornaments within different 

lineages. These types of evolutionary transitions among ornament classes are expected to be 

more frequent if mate choice evolution proceeds by a Fisherian, Lande–Kirkpatrick mechanism 

rather than by an honest advertisement mechanism (Prum, 1997, 2010). 

The comparative analysis of breeding biology presented here is rather conservative 

because it relies on human vision, and because it does not take into account the heterogeneous 

evolutionary changes that can produce sexual dimorphism. Future analyses should employ more 

discriminating measures of sexual dimorphism in plumage coloration – including 
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spectrophotometric measures of cotinga plumage reflectance and color space modeling of avian 

color vision (Stoddard and Prum, 2008; Prum et al., 2012) – to explore the effects of sexual 

selection on cotinga coloration evolution at a finer scale. 

 

4.4. Historical biogeography 

 

Although a full biogeographic analysis is outside the scope of this paper, this resolved 

species phylogeny for cotingas provides a new opportunity for observations about biogeographic 

history of various cotinga lineages. 

Most cotinga clades show a strong pattern of lowland or montane distribution. Thus, the 

Ampelioides–Pipreola, Snowornis–Carpornis, and Ampelion–Zaratornis clades are all strongly 

montane or lower montane in distribution. The placement of the montane genus Phibalura within 

a largely montane clade further confirms the historical nature of this eco-biogeographic 

distribution. Most other cotinga clades are strongly tropical in distribution with a few notably 

lower montane lineages evolving from within them: i.e. Pyroderus, Perissocephalus, Procnias, 

and various Lipaugus and Tijuca species. Interestingly, the sister group to the southeast Brazilian 

genus Tijuca appears to be another southeast Brazilian endemic Lipaugus lanioides, indicating 

the existence of a radiation of pihas in the Serra do Mar area of endemism. 

The evolutionary origin of the avifauna of the tepuis of southern Venezuela and the 

Guianas has been of particular interest in Neotropical ornithogeography (Mayr and Phelps, 

1967). There are two cotinga species endemic to the tepuis. The Red-banded Fruiteater Pipreola 

whitelyi is phylogenetically embedded within a radiation of montane, Andean fruiteaters. Thus, 

P. whitelyi was likely derived from a lineage that dispersed from the Andes to the tepuis in the 

midst of an active evolutionary radiation within the Andes themselves. In contrast, the Rose-

collared Piha, Lipaugus streptophorus, is the sister group to a broadly distributed Amazonian 

species, the Screaming Piha L. vociferans. It appears to be altitudinally derived from adjacent 

lowland populations. Thus, the phylogenetic relationships of tepui-endemic cotingas indicate that 
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this isolated montane avifauna had complex evolutionary origins, and cannot be explained by a 

single generalized biogeographic mechanism. 

 

4.5. Divergence times and diversification  

 

Our inferred divergence estimates (Figs. 3 and 4, Supplemental Fig. 1) are generally 

consistent with previous studies of passerine diversification that are based on molecular rate or 

biogeographic calibrations (e.g. Barker et al., 2004; Ohlson et al., 2013). Nonetheless, because 

there are no suboscine fossils of any kind, and very few significant fossils of any endemic 

radiation of Neotropical birds, the estimation of divergence times of suboscine passerines and 

many other Neotropical clades remains challenging and highly problematic. In the absence of 

any ingroup fossil calibrations, we have followed the molecular rate calibrations used in previous 

works of passerine molecular systematics, but recalibrations of passerine diversification dates 

that are consistent with fossil data are clearly needed. 

Recent analyses of the temporal distribution of avian crown clade fossils place the 

divergence dates of the major basal lineages of Neognathous birds at immediately before the 

Cretaceous-Tertiary boundary (Longrich et al., 2011). Further, the well documented avifauanas 

of Green River Formation, Wyoming (�50 mya) and the Eocene Messel Formation, Germany 

(�47 mya) are diverse avifaunas dominated by basal neognathes, and basal lineages of other 

extant orders (Clarke et al., 2005; Longrich et al., 2011; Mayr, 2013). Thus, it seems improbable 

our inferred age of the diversification of the basal sub-oscine passerines at ~50MY is correct 

when there are few if any fossils of this age that can be confidently placed within any extant bird 

family of anywhere in the world. Likewise, our estimates of 25–30MY (Figs. 3 and 4, 

Supplemental Fig. 1) for the ages of the earliest cotinga clades seem equally improbable to us. 

However, estimates of relative divergence dates can be useful in analyzing patterns of net 

diversification across time. In our case, the lineage accumulation curve (not shown) is mostly 

linear over time, with a slightly more rapid rate of lineage accumulation for the first two-thirds of 
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the radiation. The trajectory shows neither rapid bursts of diversification or a leveling off of 

diversity, and is close to the prediction of a consistent species ‘birth–death’ process with some 

limited historical noise. 

 

4.6. Species limits 

 

Sequence data from multiple individuals of eleven species of cotingas allows us to 

conduct a preliminary review of their monophyly and species limits. All multiply sampled 

species were monophyletic with respect to the other taxa analyzed. Comparisons of toe pad data 

from multiple populations of three species detected no DNA sequence differences: Lipaugus 

uropygialis from Peru and Bolivia, Phibalura flavirostris flavirostris from Brazil and P. f. 

boliviana from Bolivia and Procnias albus from Venezuela, Guyana, and Brazil. Three other 

pairs of intraspecific comparisons showed differentiation of less than 0.50%, including 

Porphyrolaema porphyrolaema from eastern Ecuador and Peru, Cotinga cayana from Rondonia, 

Brazil and Loreto, Peru, Cotinga maynana from Morona-Santiago, Ecuador and Loreto, Peru, 

and Lipaugus vociferans from Venezuela and Bolivia. These low levels of differentiation 

indicate that these populations are unlikely to be distinct evolutionary lineages that should be 

recognized as species. Notably, our preliminary data do not provide molecular support for the 

previously recommended split of the Brazilian and Bolivian subspecies of Phibalura into two 

species (Hennessey, 2011). 

However, Procnias averano averano from Brazil differed in 0.53% of 932 bp of ND2 

from Procnias averano carnobarba from Trinidad. These two subspecies are very different in 

body size, and these initial sequence data indicate that they may be more highly differentiated 

than currently recognized. Furthermore, the highly polytypic Red-ruffed Fruitcrow, Pyroderus 

scutatus, is broadly distributed in South America, and consists of 5 allopatrically distributed 

subspecies (Snow, 1979). We measured 0.9% average sequence differentiation between 

Pyroderus scutatus scutatus from Paraguay and Pyroderus scutatus masoni from Peru, including 



30 

both significant mitochondrial and nuclear variation (ND2-1.5%, MYO-0.0%, G3PDH-0.9%). 

This level of differentiation indicates that some of the currently recognized forms Pyroderus 

scutatus may be distinct species, and that further research on the polytypic clade is highly 

recommended. 

Although the Scaled Fruiteater, Ampelioides tschudii is currently monotypic, individuals 

of tschudii from San Martin, Peru and from Azuay, Ecuador exhibited 1.2% differentiation in 

mtDNA (CYTB1.5%, ND2-1.1%). These two populations span a relatively short geographic 

distance within the total distribution of Ampelioides in the Andes from Venezuela to Bolivia. 

This variation may be expected given that Ampelioides tschudii is the basal lineage of the basal 

most clade within the cotingas, and potentially the most ancient species-lineage in the family 

(Supplementary Fig. 1). 

Lastly, we found substantial, previously unappreciated genetic differentiation between 

two populations of the Green-and-Black Fruiteater Pipreola riefferii. Individuals of Pipreola 

riefferii confusa from Cajamarca, Peru and Pipreola riefferii melanolaema from Venezuela 

revealed 4.6% average sequence divergence, including substantial genetic differentiation in one 

nuclear intron (ND2-6.0%, CYTB-7.0%, G3PDH-5.6%, MYO-0.0%). This level of genetic 

differentiation strongly indicates the existence of distinct evolutionary lineages indicative of 

separate species. Pipreola riefferii melanolaema is a morphologically distinctive form endemic 

to the coastal range of Venezuela. Pipreola riefferii confusa is one of five subspecies that are 

distributed in the Andes of western Venezuela and northern Colombia to central Peru, including 

the type population of riefferii (Snow, 1979; Kirwan and Green, 2012). Consequently, we 

recognize the well marked, allopatric, and genetic differentiated taxon Pipreola melanolaema as 

a distinct, monotypic species, to be called (the) Venezuelan Fruiteater. We recommend that all 

other recognized subspecies should currently remain in Pipreola riefferii, but the taxonomic 

status of these populations should be further investigated. The distinctive, smaller, red eyed, and 

allopatric Pipreola riefferii tallmanorum found in Dpto. Huánuco, Peru also seems very likely to 

be a distinct species. 
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Our results confirm that Doliornis remseni (Robbins et al., 1994) is strongly 

differentiated from Doliornis sclateri (4.5% average genetic distance). The allopatrically 

distributed and morphologically diagnosable Central American species of Carpodectes nitidus 

and C. antoniae are only slightly differentiated genetically (0.15%). However, their allopatric 

distribution, and well marked morphological and habitat differences support their continued 

recognition as distinct species. 

 

4.7. Proposed phylogenetic taxonomy  

 

We propose a hierarchical Linnaean classification of the cotingas based on our Bayesian 

species tree results. The four unanalyzed species– Pipreola formosa, P. aureopectus, Lipaugus 

weberi, and Tijuca condita– are placed in this classification based on their morphological 

similarities to other analyzed taxa. These portions of the classification are phylogenetic 

predictions to be tested by future analyses. 

We recognize the same monophyletic subfamiles as Tello et al. (2009), but with one 

additional subfamily and some different limits. We recognize the new subfamily Cephalopterinae 

including the members of the fruitcrow clade. We place Carpornis in the Rupicolinae, and 

Phibalura in the Phytotominae. Further, given the strong evidence that Lipaugus is paraphyletic 

with respect to the genus Tijuca, we place Tijuca atra and T. condita within the genus Lipaugus. 

The only phylogenetically acceptable alternative would be to split Lipaugus into at least three 

genera for: (1) unirufus alone, (2) lanioides alone, and (3) all other Lipaugus species. This would 

create unnecessary taxonomic clutter. Indeed, placing atra and condita within Lipaugus 

communicates effectively that these highly distinctive species have actually evolved from 

sexually monomorphic piha ancestors. 

Our species tree placed Perissocephalus tricolor within the genus Cephalopterus as the 

sister group to the Amazonian species C. ornatus. The five species of Cephalopterus, 

Perrisocephalus, and Pyroderus are all extremely closely related; they differ genetically by only 
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3%-6% (Supplementary Table 9). These three genera could very justifiably be placed within a 

single genus; Cephalopterus has priority. However, we prefer to wait for confirmation from 

additional data before placing tricolor in Cephalopterus. 

Wherever possible, we follow a phylogenetic sequencing convention in which the first 

taxon (i.e. subfamily, genus, or species) in a list of taxa is the sister group to the remaining taxa 

in that list. Thus, the sequence of the five cotinga subfamilies recapitulates the phylogenetic 

relationships of these clades in the phylogeny. However, we refrain from creating new taxa 

within subfamilies or genera to precisely recognize each clade within the taxonomy. Authors 

who wish to refer to these clades can do so by coining names for these clades within specific 

works: e.g. the Ampelion group for members of Phibalura, Doliornis, and Ampelion. 

 

Family Cotingidae Bonaparte, 1849 

 Subfamily Pipreolinae Tello, Moyle, Marchese & Cracraft, 2009 

  Ampelioides Verreaux 1867 

   Ampelioides tschudii 

  Pipreola Swainson 1838 

   Pipreola chlorolepidota 

   Pipreola frontalis 

   Pipreola formosa 

   Pipreola whitelyi 

   Pipreola lubomirskii 

   Pipreola jucunda 

   Pipreola pulchra 

   Pipreola aureopectus 

   Pipreola arcuata 

   Pipreola intermedia 

   Pipreola riefferii 
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   Pipreola melanolaema  

 Subfamily Rupicolinae Bonaparte, 1853 

  Snowornis Prum 2001 

   Snowornis subalaris 

   Snowornis cryptolophus 

  Carpornis G. R. Gray 1846 

   Carpornis cucullatus 

   Carpornis melanocephalus 

  Rupicola Brisson 1760 

   Rupicola peruviana 

   Rupicola rupicola 

  Phoenicircus Swainson 1832 

   Phoenicircus carnifex 

   Phoenicircus nigricollis 

 Subfamily Phytotominae Swainson, 1837 

  Zaratornis Koepcke 1954 

   Zaratornis stresemanni 

  Phytotoma Molina 1782 

   Phytotoma rara 

   Phytotoma raimondii 

   Phytotoma rutila  

  Phibalura Vieillot 1816 

   Phibalura flavirostris 

  Doliornis Taczanowski 1874 

   Doliornis sclateri 

   Doliornis remseni 

  Ampelion Tschudi 1845 
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   Ampelion rubrocristatus 

   Ampelion rufaxilla 

 Subfamily Cephalopterinae Reichenow, 1914 

  Haematoderus Bonaparte 1854 

   Haematoderus militaris 

  Querula Vieillot 1816 

   Querula purpurata 

  Pyroderus G. R. Gray 1840 

   Pyroderus scutatus 

  Cephalopterus E. Geoffroy Saint-Hilaire 1809 

   Cephalopterus glabricollis 

   Cephalopterus penduliger 

   Cephalopterus ornatus 

  Perissocephalus Oberholser 1899 

   Perissocephalus tricolor 

 Subfamily Cotinginae Bonaparte, 1849 

  Lipaugus Boie 1828 

   Lipaugus unirufus 

   Lipaugus ater 

   Lipaugus conditus 

   Lipaugus lanioides 

   Lipaugus streptophorus 

   Lipaugus vociferans 

   Lipaugus fuscocinereus 

   Lipaugus uropygialis 

   Lipaugus weberi 

  Procnias Illiger 1811 
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   Procnias albus 

   Procnias tricarunculata 

   Procnias nudicollis 

   Procnias averano 

  Cotinga Brisson 1760 

   Cotinga maynana 

   Cotinga cayana 

   Cotinga amabilis 

   Cotinga nattererii 

   Cotinga ridgwayi 

   Cotinga maculata 

   Cotinga cotinga 

  Porphyrolaema Bonaparte 1854 

   Porphyrolaema porphyrolaema 

  Conioptilon Lowery & O'Neill 1966 

   Conioptilon mcilhennyi 

  Gymnoderus Geoffroy Saint-Hillaire 1809 

   Gymnoderus foetidus 

  Xipholena Gloger 1841 

   Xipholena punicea 

   Xipholena lamellipennis 

   Xipholena atropurpurea 

  Carpodectes Salvin 1865 

   Carpodectes hopkei 

   Carpodectes antoniae 

   Carpodectes nitidus 
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Appendix A. Supplementary material 

Supplementary data associated with this article can be found, in the online version, at 
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Figure 1.1. Recent phylogenetic hypotheses of the cotingas. Ohlson et al. (2007) provided a 

well-resolved phylogeny of 26 cotinga species in 22 genera based on ~2100 base pairs of nuclear 

and mitochondrial DNA. Tello et al. (2009) analyzed ~4000 bases of the nuclear RAG-1 and 

RAG-2 genes for a slightly different sample of 25 cotinga species in 23 cotinga genera. Later, 

Ohlson et al. (2013) analyzed three introns and two exons (~6300 bp) across 14 cotinga species 

(14 genera). Please refer to the published version of this article for higher quality vector art.  

 

 

 

 

 

  

 

 

 

 

 

 



rolaema was supported with a posterior probability of 0.59. Within
the powder down clade, as in previous studies (all PP = 1.0), Coni-
optilon mcilhennyi and Gymnoderus foetidus form a clade that is sis-
ter group to a clade including the monophyletic Xipholena and
Carpodectes. Within Xipholena, X. punicea is the sister group to lam-
ellipennis and atropurpurea. Within Carpodectes, hopkei is the sister
group to the barely differentiated nitidus and antoniae.

3.4. Congruence with concatenated analyses

The result of the concatenated Bayesian analysis was highly
congruent with the species tree analysis (91.5% topological simi-
larity, see Supplemental Appendix), and differed only in regard to
the resolution of four clades (Supplementary Fig. 2). The concat-
enated Bayesian analysis did not recognize the Rupicola–Phoeni-
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Fig. 2. ⁄BEAST species tree topology. Numbers above branches are Bayesian posterior probabilities derived from the species tree analysis. Numbers below branches are (right)
posterior probabilities derived from MrBayes, and (left) RaxML bootstrap support values. A hyphen at a particular position indicates a given node was not recovered by that
method.
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Figure 1.2 *BEAST species tree topology. Numbers above branches are Bayesian posterior 

probabilities derived from the species tree analysis. Numbers below branches are (right) 

posterior probabilities derived from MrBayes, and (left) RaxML bootstrap support values. A 

hyphen at a particular position indicates a given node was not recovered by that method. Please 

refer to the published version of this article for higher quality vector art. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



circus clade and the Snowornis–Carpornis clade as sister groups.
Rather, these clades were placed as separate, successive sister
groups to the large core cotinga clade. Unlike the species tree,
the concatenated Bayesian tree placed the Ampelion clade as
more closely related to the core cotingas than the Rupicola–Phoe-
nicircus and Snowornis–Carpornis clades. Within the core cotingas,

the concatenated Bayesian tree placed the genus Cotinga outside
the Lipaugus–Tijuca clade, which was then the sister group to
Procnias, Porphyrolaema, and the power down clade. Lastly, within
the genus Pipreola, the concatenated Bayesian trees placed P.
jucunda as sister to P. lubomirskii instead of P. pulchra.

Pipreolinae
R
upicolinae

Phytotom
inae

C
otinginae

C
ephalopterinae

Rupicola rupicola

Pipreola chlorolepidota

Xipholena atropurpurea
Xipholena punicea

Cotinga ridgwayi

Ampelioides tschudii (PE.)

Cotinga nattererii

Pyroderus scutatus masoni

Cephalopterus ornatus

Phoenicircus carnifex

Carpornis cucullatus

Tijuca atra

Rupicola peruviana

Pipreola lubomirskii (EC.)

Ampelioides tschudii (EC.)

Porphyrolaema porphyrolaema

Cotinga amabilis

Phibalura flavirostris

Procnias nudicollis

Conioptilon mcilhennyi

Lipaugus vociferans (VE.)
Lipaugus vociferans (BO.)
Lipaugus streptophorus

Phoenicircus nigricollis

Carpodectes hopkei

Cotinga cayana

Pipreola whitelyi

Lipaugus uropygialis (BO.)

Perissocephalus tricolor

Cephalopterus glabricollis

Ampelion rubrocristatus

Phytotoma raimondii

Phytotoma rara

Snowornis cryptolophus

Carpodectes antoniae

Xipholena lamellipennis

Cotinga maynana

Doliornis sclateri

Cephalopterus penduliger

Doliornis remseni

Pipreola jucunda

Cotinga cotinga

Carpodectes nitidus

Lipaugus fuscocinereus

Querula purpurata

Zaratornis stresemanni

Carpornis melanocephalus

Procnias tricarunculata

Cotinga maculata

Lipaugus uropygialis (PE.)

Pipreola riefferii (PE.)

Ampelion rufaxilla

Pipreola intermedia

Pipreola lubomirskii (PE.)

Pipreola riefferii (VE.)

Pipreola pulchra

Haematoderus militaris

Lipaugus unirufus
Lipaugus lanioides

Pipreola arcuata

Pipreola frontalis

Snowornis subalaris

Pyroderus scutatus scutatus

Gymnoderus foetidus

Procnias averano

Phytotoma rutila

Procnias albus

0.010.020.030.0

Fig. 3. Ultrametric species tree chronogram. The time scale (below) is in millions of years, and was estimated from five molecular rate calibrations from previous studies of
passerine birds using lognormal relaxed clocks. Colors and vertical bars indicate our proposed subfamily classification. Horizontal node bars represent the 95% HPD (highest
posterior density) estimate of node height.

128 J.S. Berv, R.O. Prum / Molecular Phylogenetics and Evolution 81 (2014) 120–136



43 

Figure 1.3. Ultrametric species tree chronogram. The time scale (below) is in millions of years, 

and was estimated from five molecular rate calibrations from previous studies of passerine birds 

using lognormal relaxed clocks. Colors and vertical bars indicate our proposed subfamily 

classification. Horizontal node bars represent the 95% HPD (highest posterior density) estimate 

of node height. Please refer to the published version of this article for higher quality vector 

art. 
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Figure 1.4. Ancestral state reconstructions of cotinga breeding biology using the species tree. 

Left, the evolutionary history of cotinga breeding systems; right, the evolutionary history of 

sexual plumage dimorphism. Branch lengths are proportional to absolute time, indicated by the 

scale in millions of years. Branch mappings are derived from reconstructing character evolution 

on the single MCC topology, using symmetrical transition rate models. Pie charts indicate the 

character likelihood of a state for a given node, averaged across 10,000 randomly sampled post-

burn in trees from the posterior distribution of the species tree analysis. Please refer to the 

published version of this article for higher quality vector art. 
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Figure 1.5. Distribution of phenotypes, plumages, and size variation across the Cotingas. 

Illustrations are reproduced with permission from the Handbook of the Birds of the World. Vol. 

9. Cotingas to Pipits and Wagtails, Lynx Editions 2004. Males are depicted towards the outer 

perimeter, while females are placed more interior. Color monomorphism is indicated by the 

presence of only a single illustration at a given terminal. Branches are colored according to their 

posterior probability, and the centimeter scale indicates relative sizes. Please refer to the 

published version of this article for higher quality vector art. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



Table 1
Taxon sample list. Table of all individuals included in this study. Specimen types: T, tissue; S, skin; G, GenBank. GenBank accession numbers are reported in the Supplemental
Appendix.

⁄BEAST species definition Type Institution Institution #; Tissue # Country State

Ampelioides tschudii-Peru T LSUMZ –; 5457 Peru San Martin
Ampelioides tschudii-Ecuador T ANSP –; 18542 Ecuador Azuay
Ampelioides tschudii-Ecuador T ANSP 184088; 18564 Ecuador Azuay
Pipreola chlorolepidota T LSUMZ –; 5435 Peru San Martin
Pipreola frontalis T LSUMZ –; 5559 Peru San Martin
Pipreola whitelyi T AMNH 12041; – Venezuela Bolivar
Pipreola lubomirskii-Peru T LSUMZ 170033; 32720 Peru Cajamarca
Pipreola lubomirskii-Ecuador T ANSP 186238; 19778 Ecuador Zamora Chinchipe
Pipreola jucunda T ANSP –; 15820 Ecuador Carchi
Pipreola pulchra T LSUMZ –; 1625 Peru Pasco
Pipreola arcuata T LSUMZ –; 7654 Peru Huanuco
Pipreola intermedia T LSUMZ –; 574 Peru Puno
Pipreola riefferii-Peru T LSUMZ –; 297 Peru Cajamarca
Pipreola riefferii-Venezuela T COP 77717; – Venezuela Aragua
Snowornis subalaris T ANSP 185671; 19464 Ecuador Napo
Snowornis cryptolophus T ANSP –; 19141 Ecuador Zamora-Chinchipe
Carpornis cucullatus S LACM 28580, 27611, 28581; – Brazil Sao Paulo
Carpornis melanocephalus T LSUMZ –; 35583 Brazil Bahia
Rupicola peruviana T LSUMZ –; 19004 Houston Zoo –
Rupicola rupicola T AMNH 8790; – Venezuela Amazonas
Phoenicircus carnifex T LSUMZ –; 20173 Brazil Amazonas
Phoenicircus nigricollis T LSUMZ –; 2898 Peru Loreto
Zaratornis stresemanni T LSUMZ –; 2074 Peru Lima
Phytotoma rara T KUNHM –; 11748 Argentina Rio Negro
Phytotoma raimondii T LSUMZ –; 451 Peru Lambayeque
Phytotoma rutila T LSUMZ –; 1211 Bolivia La Paz
Phibalura flavirostris T CBF –; 4246-7 Bolivia Apolo
Phibalura flavirostris S LACM 45462; – Brazil Goias
Phibalura flavirostris S LACM 45432; – Brazil Goias
Doliornis sclateri T LSUMZ –; 3562 Peru Huanuco
Doliornis remseni T ANSP 185684; 19525 Ecuador Zamora Chinchipe
Ampelion rubrocristatus T LSUMZ –; 7664 Peru Huanuco Department
Ampelion rufaxilla T LSUMZ –; 1673 Peru Pasco Department
Haematoderus militaris T KUNHM –; 1348 Guyana Kurupukari
Querula purpurata T LSUMZ –; 2785 Peru Loreto
Pyroderus scutatus-Paraguay T KU 88386; 77 Paraguay Concepcion
Pyroderus scutatus-Peru T LSUMZ –; 8137 Peru Pasco
Cephalopterus glabricollis T USNM –; B01560 Panama Chiriqui
Cephalopterus penduliger T LSUMZ –; 11737 Ecuador Esmeraldas
Cephalopterus ornatus T LSUMZ –; 12300 Bolivia Santa Cruz Department
Perissocephalus tricolor T AMNH 11946; – Venezuela Bolivar
Lipaugus unirufus T ANSP –; 17370 Ecuador Esmeraldas
Lipaugus lanioides S YPM 80714; – Brazil Sao Paulo
Lipaugus vociferans-Bolivia T LSUMZ –; 12598 Bolivia Santa Cruz
Lipaugus vociferans-Venezuela T AMNH 11892; – Venezuela Bolivar
Lipaugus streptophorus T AMNH 11995; – Venezuela Bolivar
Lipaugus fuscocinereus T ANSP 185672; 19589 Ecuador Zamora-Chinchipe
Lipaugus uropygialis-Peru S LSUMZ 98424; 25308 Peru Puno
Lipaugus uropygialis-Peru S LSUMZ 98425; 25309 Peru Puno
Lipaugus uropygialis-Bolivia S ANSP –; 120115 Bolivia La Paz
Tijuca atra G ZMUC 128821; – Brazil –
Procnias albus T KUNHM –; 1244 Guyana Kurupukari
Procnias albus T AMNH –; 12002 Venezuela Bolivar
Procnias albus S MPEG –; 37214 Brazil Para
Procnias tricarunculata T UWBM –; 56120 Nicaragua Matagalpa
Procnias tricarunculata T ANSP 187540, 187541; 20416, 20431 Panama Veraguas
Procnias nudicollis T KUNHM –; 1224 Paraguay Concepcion
Procnias averano S ANSP 105021; – Trinidad –
Procnias averano S MPEG –; 40911 Brazil Maranhão
Procnias averano S MPEG –; 40912 Brazil Maranhão
Procnias averano S MPEG –; 40913 Brazil Maranhão
Procnias averano S ANSP 105021; – Trinidad Caura
Procnias averano S AMNH –; 468475 Trinidad Malajo forest
Cotinga maynana T ANSP 181680; 16580 Ecuador Morona-Santiago
Cotinga maynana T LSUMZ –; 4762 Peru Loreto
Cotinga maynana T LSUMZ –; 42921 Peru Loreto
Cotinga cayana T FMNH –; 390011 Brazil Rondonia
Cotinga cayana T LSUMZ –; 4977 Peru Loreto
Cotinga amabilis S KUNHM 104761; – Mexico Veracruz
Cotinga amabilis S KUNHM 104762; – Mexico Veracruz
Cotinga nattererii T LSUMZ –; 28771 Panama Colon
Cotinga ridgwayi S AMNH 706142; – Costa Rica –
Cotinga maculata S LACM 66184; – Brazil –

(continued on next page)
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BIC penalizes model complexity for increasing the number of
parameters and the sample size. In contrast, the popular Akaike
information criterion, or AIC (!2lþ 2K) (Akaike, 1974), accounts
only for the number of model parameters, and tends to favor mod-
els that are more complex than those selected by the BIC (Posada
and Buckley, 2004). Simulation studies also support the use of
the BIC over the AIC for substitution model selection (Luo et al.,
2010).

2.4. Species tree and gene tree inference

For species tree inference, we first used PartitionFinder to eval-
uate partitioning schemes for each locus separately. For protein
coding loci, we compared three commonly tested schemes: (S1)
codon positions 1, 2, and 3 together; (S2) positions 1 and 2
together and position 3 separately; (S3) all codon positions sepa-
rate. We then estimated a species tree with ⁄BEAST, using the par-
titioning scheme with the lowest BIC score (best model) for each
locus. In order to test the sensitivity of the inferred topology, we
also estimated a species tree with alternative schemes.

To allow each locus to evolve along independent topologies, the
trees for nuclear loci were unlinked. We applied a lognormal
relaxed clock to each locus, and selected the default Yule Process
(pure birth) as the species tree prior to minimize the dimensional-
ity of the analysis. Because no reliable biogeographic or fossil in-
group calibrations are available for all subocine passerines, we cal-
ibrated the evolutionary rates of five of the six loci with previously
published rates from other studies of passerine birds (Supplemen-
tary Table 6). We assumed a normal prior distribution for each rate
calibration, and applied the conditional reference prior to the
remaining un-calibrated locus (RAG-2) for which no explicit priors

were available (Ferreira and Suchard, 2008). We ran six indepen-
dent analyses for 6.5 # 108 generations, sampling every 1.0 # 105

generations, which gave us 6.5 # 103 trees per simulation (run).
After discarding the first 1.5 # 103 trees per run ($23%), we com-
bined the output files for each set of six analyses and summarized
the maximum clade credibility (MCC) tree with median node
heights across the final posterior distribution of 3.0 # 104 trees.

We inferred individual gene trees in MrBayes using the parti-
tioning schemes with the best BIC score as selected by Partition-
Finder (Supplementary Table 5). We allowed each partition to
evolve under its own model of evolution in MrBayes by unlinking
all parameters across data partitions (using the commands: unlink
shape = (all), pinvar = (all), statefreq = (all), revmat = (all)). We also
allowed all partitions to evolve under different evolutionary rates
by setting ratepr = variable. For each gene tree, we summarized
four Metropolis-coupled Markov chain Monte Carlo analyses
(MCMCMC), each with four incrementally heated chains. Instead
of specifying an upper limit to the chain length, we used the auto-
matic stopping criterion built into MrBayes (stopval = 0.01), and
summarized 50% majority rule consensus trees after discarding
the first 25% of the sampled trees as burn in. Individual gene trees
as estimated by MrBayes are reported as Supplemental Figs. 3–8.

2.5. Analyses of concatenated loci

For analyses under the assumption of among gene-tree concor-
dance, we considered two a priori partitioning schemes (C1, C2),
and one scheme (C3), which was heuristically chosen by Partition-
Finder’s ‘‘greedy’’ algorithm to optimize the groupings of the 12
codon and 2 intron partitions. Scheme C1 analyzed each of the
six loci under their own models (partitions by locus). In contrast,

Table 1 (continued)

⁄BEAST species definition Type Institution Institution #; Tissue # Country State

Cotinga cotinga T ANSP 187801; 21444 Guyana Upper Takutu-Upper Essequibo
Cotinga cotinga T ANSP 187799; 21918 Guyana Potaro-Siparuni
Porphyrolaema porphyrolaema T LSUMZ –; 6989 Peru Loreto
Porphyrolaema porphyrolaema T ANSP 183371; 18193 Ecuador Sucumbios
Conioptilon mcilhennyi T KU –; 1416 Peru Madre de Dios
Gymnoderus foetidus T LSUMZ –; 9586 Bolivia Pando
Xipholena punicea T LSUMZ –; 20833 Houston Zoo -
Xipholena lamellipennis S KUNHM 52657; – Brazil Maranhão
Xipholena atropurpurea T FMNH –; 427187 Brazil Alagoas
Carpodectes hopkei T ANSP –; 17352 Ecuador Esmeraldas
Carpodectes antoniae S YPM 56777; – Costa Rica Puntarenas
Carpodectes nitidus S LSUMZ 75501; 25310 Panama Bocas del Toro

Outgroups Type Institution Institution#; Tissue # Country State

Chloropipo unicolor T AMNH 11988; – Venezuela Bolivar
Manacus manacus T LSUMZ –; 8913 Bolivia Pando
Lepidothrix suavissima T AMNH 12036; – Venezuela Bolivar
Pipra cornuta T AMNH –; 11877 Venezuela Bolivar
Schiffornis virescens G NRM 937315; – Paraguay –
Laniisoma elegans T ANSP 181681; 16543 Ecuador Morona-Santiago
Iodopleura fusca T ANSP 187808; 21600 Guyana Potaro-Siparuni
Pachyramphus polychopterus T YPM –; 1015 Uruguay Artigas
Tityra inquisitor T LSUMZ –; 18568 Bolivia Santa Cruz Department
Hirundinea ferruginea T YPM –; 1183 Uruguay Cerro Largo
Euscarthmus meloryphus T YPM –; 1044 Uruguay Artigas
Elaenia parvirostris T YPM –; 978 Uruguay Artigas
Tyrannus forficatus T KU –; 87603 USA Kansas
Oxyruncus cristatus T KUNHM –; 220 Paraguay Caazapa
Piprites chloris T KUNHM –; 329 Paraguay –
Piprites pileata G ZMUC 128817; – Brazil –
Calyptura cristata G ZMUC 379; – Brazil Rio de Janerio
Thamnophilus caerulescens T YPM –; 1016 Uruguay Artigas
Lochmias nematura T YPM –; 1141 Uruguay Cerro Largo
Lepidocolaptes angustirostris T YPM –; 1011 Uruguay Artigas
Pitta baudi T ANSP –; 16224 East Malaysia Sabah
Smithornis rufolateralis T YPM –; 451 Equatorial Guinea –
Philepitta castanea G ZMUC S458; – Madagascar –
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Table 1.1 Taxon sample list. Table of all individuals included in this study. Specimen types: T, 

tissue; S, skin; G, GenBank. GenBank accession numbers are reported in the Supplemental 

Appendix. Please refer to the published version of this article for PDF. 
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Abstract.—The complex landscape history of the Neotropics has generated opportunities for 

population isolation and subsequent diversification that place this region among the most 

species-rich in the world. Detailed phylogeographic studies are required to uncover the 

biogeographic histories of Neotropical taxa, to identify evolutionary correlates of diversity, and 

to reveal patterns of genetic connectivity, disjunction, and potential differentiation among 

lineages from different areas of endemism. The White-crowned Manakin (Pseudopipra pipra) is 

a small suboscine passerine bird that is broadly distributed through the subtropical rainforests of 

Central America, the lower montane cloud forests of the Andes from Colombia to central Peru, 

the lowlands of Amazonia and the Guianas, and the Atlantic forest of southeast Brazil. 

Pseudopipra is currently recognized as a single, polytypic biological species. We studied the 

effect of the historical and current Neotropical landscape on genetic and phenotypic 

differentiation within this species using genomic data derived from double digest restriction site 

associated DNA sequencing (ddRAD), and mitochondrial DNA. Our analyses identify five 

ancient clades, which encompass seventeen well-differentiated populations. Most of the 

breakpoints among populations coincide with physical barriers to gene flow previously 

associated with avian areas of endemism, and generally coincide with subspecies boundaries. 

The phylogenetic relationships among these populations imply a unique pattern of a montane 

Andean origin for the genus, with a subsequent expansion and radiation into the Amazonian 

lowlands. Analyses of genomic admixture demonstrate a complex history of introgression 

between some western Amazonian populations, which confound standard concatenated and 

coalescent phylogenetic analyses, and raise the possibility that a lineage in the western Napo area 

of endemism is of hybrid origin. Lastly, we analyze variation in vocal phenotypes in the context 



59 

of our phylogeny and propose that Pseudopipra is a species-complex composed of 15-17 distinct 

species which have arisen in the last ~2.5 Ma. 

 

Key Words: Neotropics, Amazon, Andes, Areas of Endemism, Suboscine, Speciation 

Genomics, Phylogeography, Lekking, hybrid speciation 

 

Many kinds of geographic and habitat barriers have been proposed to drive population 

diversification and speciation in the Neotropics (Wallace 1854, Haffer 1969, Cracraft and Prum 

1988, Haffer 2008, Smith et al. 2014). Such ecological barriers partition biodiversity into areas 

of endemism (Cracraft 1985, Cracraft and Prum 1988, Linder 2001, Da Silva et al. 2005, Crother 

and Murray 2011, Noguera-urbano 2016) by acting as impediments to gene flow for dispersal-

limited organisms (Cheviron et al. 2005, Moore et al. 2008, Brumfield 2012, Ribas et al. 2012, 

Fernandes et al. 2015). Three of the most prominent features implicated in structuring the 

biodiversity of Neotropical forest birds (Figure 1) include the Andes Mountains and other 

montane regions (Figure 1, grey relief); the Chaco, Cerrado, and Caatinga biomes, which 

collectively form a ‘dry diagonal’ of open habitat separating the Amazon forest from the Atlantic 

Forest; and the large rivers of the complex Amazonian drainage system (Brumfield 2012, Smith 

et al. 2014, Harvey and Brumfield 2015, Naka and Brumfield 2018). 

Montane Andean regions in the Neotropics are known to be exceptionally biodiverse, and 

encompass at least 15 areas of endemism with biotas shaped by a combination of vicariance and 

dispersal events (Hazzi et al. 2018). Elevational gradients in the Andes contribute substantially to 

Neotropical diversification metrics and raise fundamental questions about the historical 

relationships between lowland rainforest and montane endemics in the Neotropics (Weir 2006, 
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Quintero and Jetz 2018, Musher et al. 2019). From a biogeographic perspective, evolution has 

proceeded both “into and out of the Andes” (Brumfield and Edwards 2007, Nylander et al. 

2008). A number of examples illustrate colonization of Andean regions by lowland ancestors 

(Fjeldså 1992, Bates and Zink 1994, Ribas et al. 2007), whereas fewer examples suggest 

colonization of lowlands (grasslands) by Andean ancestors (da Silva 1995, Voelker 1999, van 

Els et al. 2019). For some tanagers (Aves: Thraupidae), the Northern Andes have been a source 

of lineages that later dispersed into the Central Andes and Amazonian lowlands (Sedano and 

Burns 2010). Glacial cycles and climatic fluctuations during the Pleistocene have been 

implicated as an important factor in montane diversification, disproportionally affecting high 

elevation forest (Hooghiemstra and Van der Hammen 2004, Weir 2006) and transiently 

connecting highland and lowland habitats (Brumfield and Edwards 2007, Nylander et al. 2008). 

By contrast, in the lowland Amazon basin, a number of areas of endemism have been 

described, delimited primarily by major tributaries of the Amazon River (Haffer 1974, Cracraft 

1985, Da Silva et al. 2005, Borges and Da Silva 2012). Wallace (1854) initially suggested that 

the Amazon basin could be divided into four wide bioregions (which he termed ‘Guyana’, 

‘Ecuador’, ‘Peru’, ‘Brazil’), based on primate distributions (see also Lynch Alfaro et al. 2015). 

These areas were subsequently partitioned by later biogeographers into at least eight major areas 

of endemism for terrestrial vertebrates (Figure 1) (Haffer 1978, Cracraft 1985, Haffer 1985, 

Cracraft and Prum 1988, Haffer 1992, Da Silva et al. 2002, Da Silva et al. 2005, Naka 2011, 

Borges and Da Silva 2012). The aggregate of these geographic partitions has been recognized as 

the “Amazonian areas of endemism” and is the basis for the riverine barrier hypothesis (Figure 1, 

Antonelli et al. 2018, Silva et al. 2019 Figure 1A). 
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Few studies have applied modern phylogeographic techniques leveraging next-generation 

sequencing datasets to reconstruct the phylogenetic and population genetic history of a 

Neotropical radiation distributed across many major Neotropical forest areas of endemism. To 

our knowledge, there has only been one other study to apply a genomic sequencing technique to 

study continental-scale phylogeography of an Amazonian suboscine passerine bird (Xenops 

minutus; Harvey and Brumfield 2015, also see Harvey et al. 2017). Here, we investigate lineage 

diversification across the Neotropics using the continentally distributed Pseudopipra genus. The 

monotypic genus Pseudopipra (family Pipridae) currently includes a single biological species, 

the White-crowned Manakin (Pseudopipra pipra = Dixiphia). Pseudopipra is found on both 

sides of a variety of known dispersal barriers, including elevational gradients of the Andes, major 

Amazonian rivers, the dry diagonal, tepuis, and the Isthmus of Panama. Thus, this radiation is 

particularly appropriate for assessing patterns of phylogenomic differentiation across a nested set 

of spatial scales in Neotropical forests distributed in both highland and lowland areas of 

endemism. 

In order to assess the historical relationships among Andean and lowland Amazonian 

populations, and the degree to which population structure corresponds to landscape features, our 

study design uses fine-scale sampling across a majority of Pseudopipra’s range. We use double 

digest restriction site associated DNA (RAD) sequencing (Peterson et al. 2012)—a reduced 

representation genomic sequencing technique— to sample thousands of independent markers 

across the genomes of hundreds of individuals spanning many well-known Amazonian and 

Andean areas of endemism, from Costa Rica to the Atlantic Forest of Brazil. We use these data 

to infer biogeographic history using a variety of methods, including concatenated data and 

coalescent-based phylogenetic inference. 
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Our investigation led us to examine the spatial distribution of genetic diversity across the 

range of Pseudopipra and to investigate the roles of many specific barriers to gene flow on 

population genomic differentiation. We tested for signals of isolation by distance (IBD) within 

areas delimited by prominent geographic barriers and assessed the degree to which such barriers 

generate discontinuities from IBD predictions. Our analyses inferred a spatially explicit model 

that explains a majority of the observed genetic dissimilarity among sampling localities and of 

the overall genetic variance, implying a strong connection between landscape features and 

diversification at multiple scales. Lastly, we investigated congruence between geographic 

variation in vocal variation, plumage phenotype, and phylogeographic structure, to evaluate the 

biological mechanisms that may be contributing to population differentiation (e.g. Zamudio et al. 

2016), and to reevaluate species delimitation. Overall, these investigations highlight the 

significant impact of the topography and drainage systems of the Neotropics in structuring 

genetic diversity across Pseudopipra, as well as the complex influence of introgression in 

generating biogeographic patterns (e.g. Burbrink and Gehara 2018). 

 

Study organism and Taxonomic summary 

The White-Crowned Manakin, Pseudopipra pipra (Pipridae, hereafter Pseudopipra), is a 

small (10-12 gram), non-migratory, suboscine passerine bird that is broadly distributed within 

Central America, the lower montane cloud forests of the Andes from Colombia to central Peru, 

the Amazon basin, and the Atlantic Forest (Figure 2) (Kirwan and Green 2012). The male’s 

striking white crown and jet-black body makes them among the most easily identified manakins, 

though the grey-green females are often confused with other manakin species in the field. 

Pseudopipra are typically found in dense humid forest, exhibit dispersed lek breeding behavior, 
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and are predominantly frugivorous. Unlike many manakin species that exhibit concentrated or 

cooperative lek behavior (e.g. Prum 1990a, Prum 1994), Pseudopipra males display in dispersed 

leks of 2-5 males (Snow 1961, Castro-Astor et al. 2007). Castro-Astor et al. (2007) described at 

least 11 components in the display repertoire of the Atlantic forest Pseudopipra population, 

including rapid turning, jumping, ‘to-and-fro’ flights, and an about-face. 

For most of its history, the species pipra was placed in the genus Pipra (Snow 1979). 

Prum (1990b), Prum (1990a), and Prum (1992) recognized that the traditional Pipra (sensu Snow 

1979) was polyphyletic and placed the species pipra in Dixiphia (Reichenbach 1850) which was 

recognized as a junior synonym of Pipra. Recently, Kirwan et al. (2016) demonstrated that the 

genus Dixiphia was unavailable for pipra because it is actually a junior synonym of the tyrannid 

genus Arundinicola. They named the new genus Pseudopipra for pipra. 

A recent phylogenetic hypothesis of manakins based on mitochondrial and nuclear DNA 

sequences placed Pseudopipra as sister group to the five species of Ceratopipra (Ohlson et al. 

2013). While the higher level phylogeny and taxonomy of manakins has received significant 

attention (Tello et al. 2009, Ohlson et al. 2013), work exploring intraspecific genetic variation 

within manakins has been restricted to a relatively few species (e.g. McDonald 2003, Cheviron et 

al. 2005, Cheviron et al. 2006, Francisco et al. 2007, Brumfield et al. 2008, Capurucho et al. 

2013, Gubili et al. 2016, Luna et al. 2017). 

Based on geographic variation in plumage and vocalizations, many previous authors have 

suggested that the biological species Pseudopipra pipra likely includes multiple, distinct 

phylogenetic species (Ridgely and Greenfield 2001, Snow 2004, Ridgely and Tudor 2009, 

Kirwan and Green 2012, Spencer 2012, Freile 2014). Thirteen subspecies of Pseudopipra pipra 

have been recognized based primarily on subtle variations in plumage coloration, which are 
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frequently more marked in females than in males (summarized in Dickinson 2003, Snow 2004, 

Kirwan and Green 2012). Because suboscine passerines generally do not learn their songs (but 

see Saranathan et al. 2007), the presence of substantial vocal variation across Pseudopipra 

populations further suggests that the genus may contain unrecognized cryptic species (e.g. 

Campagna et al. 2012). However, all previous authors awaited new information on genetic 

differentiation within Pseudopipra before making taxonomic recommendations. 

 It also remains unclear how subspecific designations reflect evolutionary history. The 

genetic variation within Pseudopipra has received prior attention by two studies that used 

mitochondrial DNA to infer population genetic patterns. Milá et al. (2012) reported intraspecific 

divergences of up to 3.5% (n=19) across three Amazonian populations, and the highest observed 

nucleotide diversity (π = 0.266) among 14 widely distributed Amazonian birds species. Castro-

Astor (2014) used a larger sample (n=57), and discovered that at least four Pseudopipra 

subspecies correspond to well supported mitochondrial clades which were generally congruent 

with Amazonian areas of endemism. Castro-Astor (2014) also estimated the age of the 

Pseudopipra complex to coincide with the onset of the Pleistocene ~2.457 Ma (95% HPD 1.45-

3.97). 

 

Materials & Methods 

Field and tissue sampling 

Muscle tissue samples were obtained from available vouchered avian material from US 

and Brazilian collections and other institutions (see Acknowledgements and Supplemental Table 

1). We sampled from ten of thirteen recognized subspecies (Figure 2) of Pseudopipra (Kirwan 

and Green 2012). Unfortunately, we were unable to obtain material of adequate quality for 
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ddRAD sequencing from the Andes of Ecuador, Colombia, and for lowland Peruvian populations 

representing the coracina, bolivari, minima, unica, and pygmaea subspecies. However, we were 

able to obtain mtDNA data from coracina and pygmaea, which allowed us to make a preliminary 

assessment of their phylogenetic affinities (see discussion on mtDNA). In total, after discarding 

failed samples and samples with high proportions of missing data, we obtained new genetic data 

from 277 individuals (232 from ddRAD, 168 from mtDNA), representing ~80 localities and 10 

subspecies. We also obtained comparable ddRAD data for two specimens of Ceratopipra 

rubrocapilla as outgroups. See Supplementary Table 1 for details. 

 

Laboratory methods 

We extracted DNA from avian tissue specimens (Table S1) using the DNeasy Blood & 

Tissue Kit (QIAGEN, CA) and generated ddRADtags following the protocol of Peterson et al. 

(2012), with modifications described in Thrasher et al. (2018). Briefly, we digested equal 

quantities of genomic DNA from each sample in individual reactions with two restriction 

enzymes, SbfI and MspI (New England Biolabs, MA), and ligated adapters on both ends. The 5’ 

adapters contained one of 20 unique 5-7 bp barcodes, whereas the 3’ adapter was common to all 

samples. We pooled groups of samples with unique 5’ barcodes and subsequently size selected 

DNA fragments that were between 400-700 bp using a Blue Pippin (Sage Science, MA). For 

each group of size-selected samples, we incorporated unique Illumina TruSeq adapters by 

performing 11 cycles of PCR. The combination of 5’ barcodes and TruSeq adapters was unique 

to each sample. A total of 13 groups of pooled samples with different Illumina TruSeq adapters 

were combined in equimolar proportions into two libraries. We sequenced both libraries on four 

lanes of Illumina HiSeq 2500 at the Cornell University Institute for Biotechnology, obtaining 
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single-end 151 bp sequences. We obtained a representative sample of mitochondrial ND2 

sequences using standard Sanger Sequencing protocols described in Berv and Prum (2014). 

 

Assembly of sequencing reads into RAD loci 

We obtained 497 million raw 151 bp reads (~75 Gb) for 241 individuals. We first 

assessed the overall read quality with FastQC (Andrews 2010) and trimmed lower quality bases 

at the 3’ end with FASTX-Toolkit (Gordon and Hannon 2010). The trimmed sequences were 145 

bp in length. Using FASTX-Toolkit we filtered-out lower quality reads if they had a single base 

below a Phred quality score of 10 and/or more than 5% of bases with quality between Phred 10 

and 20. 

The quality filtered reads were demultiplexed with the ‘process_radtags’ program from 

the STACKS 1.44 bioinformatics pipeline (Catchen et al. 2013). During the demultiplexing step 

we also discarded reads that had not passed the Illumina filter, had adapter contamination, lacked 

barcodes used for multiplexing, or did not contain an SbfI cut site. This step removed the inline 

barcodes and trimmed all reads to an equal length, the length of the reads that contained a 7 bp 

barcode. After demultiplexing and filtering, we retained an average of 1.1 ± 0.4 million 138 bp 

sequences per individual. 

We downloaded the Manacus vitellinus (GCA_001715985.1) reference genome from 

www.ncbi.nlm.nih.gov, and aligned the reads from each individual using bowtie2 2.3 (Langmead 

et al. 2009), as recommended by Paris et al. (2017), Shafer et al. (2017). We assembled the 

mapped reads into RAD loci using the reference-based pipeline in STACKS, executed with the 

ref_map script which runs the modules “pstacks/cstacks/sstacks”. We subsequently ran the error 

correction module “rxstacks” and a final iteration of “cstacks/sstacks”. We set the parameters to 



67 

a minimum coverage of 20 (m) and up to two differences among aligned loci of different 

individuals (n). The reference-based assembly produced a catalogue with 47,046 RAD loci. 

Seven samples were discarded due to high proportions of missing data in the final assemblies; 

our final data set thus comprised 234 individuals. 

We used several filters in the “populations” module from STACKS to export different sets 

of bi-allelic SNPs: a missing data filter, a minimum depth of coverage filter, a filter that exports 

only one SNP per RAD locus, and a minor allele frequency filter (MAF). By combining these 

different filters, we produced three versions of the dataset which varied in important parameters 

that could potentially bias downstream population genetic inference (Linck and Battey 2017, 

Paris et al. 2017). Dataset 1 (labeled arbitrarily) included 1,960 SNPs that were generated by 

setting the MAF to >= 5%, requiring minimum coverage of 20x, requiring the presence of a SNP 

in at least 80% of individuals, and filtering out all but the first SNP in each RAD locus to 

minimize linkage across the dataset (Paris et al. 2017). To evaluate the sensitivity of our analyses 

to rare variants (Linck and Battey 2017, Shafer et al. 2017), dataset 2 was exported with identical 

parameters to dataset 1, but without a MAF; this generated a dataset of 2,581 SNPs. Lastly, for 

non-model-based cluster analyses which should be insensitive to linkage, a third dataset was 

exported which included all SNPs from each locus (dataset 3, 5,099 SNPs). We generated 

several additional datasets for specific analytical cases when required and describe them later as 

necessary. 

 

Phylogenetic analysis 

Because sparse super-matrices may be more prone to systematic error (e.g. Roure et al. 

2013), we explored the sensitivity of our phylogenetic inferences to increasing amounts of 
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missing data using three different datasets with 20%, 50%, and 80% thresholds for missing data 

at the RAD locus level (i.e., for the 80% threshold, if the RAD locus is present in at least 20% of 

individuals, then that locus, containing all variable and invariable sites, was exported). This 

approach generated datasets comprising 2,584, 4,763, and 7,901 RAD loci, respectively. For 

each dataset, we obtained complete haplotype data for every locus/individual and generated a 

concatenated supermatrix using Sequence Matrix (Vaidya et al. 2011). These matrices had up to 

~40% missing sites across the entire matrix, irrespective of columns or rows (i.e., using the 80% 

threshold above). 

We estimated phylogenies using each dataset with a concatenated maximum likelihood 

and a coalescent species-tree approach for a total of six phylogenetic analyses. For analysis of 

concatenated data, we estimated a maximum likelihood phylogenetic hypothesis using RAxML 

8.2.9 (Stamatakis 2014). We estimated 500 bootstrap replicates followed by a full ML search for 

each dataset, using a GTRGAMMAX substitution model. We avoid the need for ascertainment 

bias correction by using short-read haplotype alignments including invariant sites (Leaché et al. 

2015). We also tested for an effect of data partitioning on phylogenetic inference by generating 

optimized locus partitioning schemes in PartitionFinder 2 (Lanfear et al. 2017), which were then 

re-analyzed in RAxML. We found that our topological results were insensitive to data 

partitioning, and as such we do not present these results. 

We evaluated coalescent phylogenetic structure using the SVDquartets method 

implemented in PAUP* 4.0a159 (Swofford 2002, Chifman and Kubatko 2014, Chifman and 

Kubatko 2015). SVDquartets may be a useful tool for testing hypotheses of species delimitation 

because it can be used to generate a lineage-tree under the multispecies coalescent without 

assigning individuals to species a priori. In this approach, each individual in a dataset is 
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considered to be a separate ‘species.’ If a clade in such a lineage-tree has high bootstrap support, 

this would mean that the descendant taxa have strong support as a group under the multispecies 

coalescent, and may coincide with species boundaries (Personal communication, Laura 

Kubatko). Our SVDquartets analysis evaluated all possible quartets with 500 bootstrap replicates 

(other settings left to defaults). SVDQuartets has the advantage of working directly on sequence 

data (above) and has been shown to perform well in comparison to other coalescent models 

which assume fully and correctly resolved gene trees as input (Chou et al. 2015, Schmidt-Lebuhn 

et al. 2017). SVDquartets has also been shown to produce reliable results under very general 

conditions, and is theoretically robust to variation in effective population size, molecular clocks, 

limited gene flow, and incomplete lineage sorting (Long and Kubatko 2017). Finally, 

SVDquartets is very computationally efficient compared to other multispecies coalescent 

models. 

While a full statistical exploration of our specific usage of SVDquartets is beyond the 

scope of the present work, we suggest that this approach may be a useful and efficient way to 

assess support for hypotheses of species delimitation under the multispecies coalescent. We do 

not take the perspective that all well supported clades from our coalescent analysis necessarily 

represent biological species – such an interpretation would likely lead to an over-inflation of 

species estimates (Sukumaran and Knowles 2017, Leaché et al. 2018, Chambers and Hillis 

2019). In general however, we prefer such a species agnostic approach to those which require a 

priori delimitation of species boundaries (e.g SNAPP, Bouckaert et al. 2014), as it enables us to 

discover well supported coalescent structure without an a priori hypothesis. Lastly, we generated 

a mitochondrial DNA ND2 gene tree using IQ-TREE 1.6.10 (Schmidt et al. 2014, Chernomor et 

al. 2016, Trifinopoulos et al. 2016, Hoang et al. 2017, Kalyaanamoorthy et al. 2017). We 
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partitioned by codon position and generated a maximum likelihood tree using the MFP+MERGE 

model search and partitioning option (Supplemental Appendix). 

 

Descriptive statistics 

Estimates of regional variation in allelic richness (Goudet 2005), Hardy-Weinberg 

equilibrium (Paradis 2010), inbreeding (Goudet 2005), linkage disequilibrium (Kamvar et al. 

2014), and an analysis of molecular variance across multiple strata (Kamvar et al. 2014), are 

reported as supplementary material. 

 

Cluster inference and patterns of genomic admixture 

We performed exploratory population genetic analyses intended to quantify the number 

of similar genetic clusters across the range of Pseudopipra. First, we evaluated broad-scale 

variation across our genomic data using phenetic K-means clustering implemented in the 

find.clusters function in the adegenet R package (Jombart 2008). This function first transforms 

the data with a PCA, and then identifies clusters with a phenetic K-means algorithm. Using 

datasets 1-3, we evaluated K1:20 successively by the Bayesian Information Criterion (BIC). K-

means clustering is based on minimizing the variance within clusters, and has the potential 

advantage of making few prior assumptions about the underlying processes which generated the 

data (MacQueen 1967). For each analysis, we retained all PC axes, set 200 randomly chosen 

starting centroids, and ran each search for 109 iterations. 

We also estimated the number of differentiated populations using STRUCTURE 2.3.4 

(Pritchard et al. 2000), a widely-used model-based approach which assigns individuals to 

populations such that Hardy-Weinberg equilibrium is maximized and linkage among loci is 



71 

minimized within groups. By comparing the output of STRUCTURE runs fixed to different 

numbers of populations (K), one can assess the degree of fit of the data to various models of K 

and assess genomic admixture among individuals. We ran structure using dataset 1, from K1:20 

with 10 iterations per K value. We ran the program for 700,000 generations, discarding the first 

200,000 as burn-in, implementing the admixture ancestry model with correlated allele 

frequencies. We evaluated K by examining Pr(X|K) or L(K) after summarizing our results using 

Structure Harvester (Earl and vonHoldt 2012) and CLUMPP (Jakobsson and Rosenberg 2007). 

We also used the Evanno method to estimate the rate of change in the log probability of data 

between values of K, which has been suggested to be a useful metric to detect the uppermost 

hierarchical level of structure in the data (Evanno et al. 2005). Lastly, we generated 95% 

Bayesian Credible Intervals around admixture coefficients (presented as averages across 

individuals for population assignment). 

 To investigate finer scale population genetic differentiation and the genomic composition 

of populations defined at different hierarchical levels, we used the programs fineRADstructure 

and RADpainter (Malinsky et al. 2018). RADpainter takes advantage of the information 

contained in haplotype data and considers each individual in a dataset as a ‘recipient’ whose 

genomes are reconstructed using chunks of ‘donor’ DNA from all other available individuals. 

This approach generates a ‘co-ancestry matrix’ which combines the information that can be 

derived from both PCA and model-based clustering approaches and thus can be more sensitive to 

subtle population structure (Lawson et al. 2012). The fineRADstructure software uses an MCMC 

approach to explore the space of population assignments based on the co-ancestry matrix, using 

an algorithm which merges and splits populations, or moves individuals among populations. We 

ran fineRADstructure with default priors, but increased the burn in to 200000 iterations, 
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followed by 1000000 iterations, sampling every 1000. We then assessed convergence by 1) 

considering the assignment of population membership across multiple independent runs, 2) 

visualizing the MCMC traces of estimated parameters to ensure convergence on the same 

posterior distributions, and 3) running each chain long enough to achieve effective parameter 

sample sizes > 100. 

Both RADpainter and fineRADstructure are based on the recently developed 

chromoPainter and finestructure (Lawson et al. 2012), but are optimized to take advantage of the 

linkage properties of RAD-like datasets. As our data were assembled relative to a Manacus 

reference genome, the order in which loci appear in our data files are related to positions on 

assembly scaffolds, even though the ddRAD loci in our data are generally unlinked when 

considered at the population level (see Supplementary Appendix). We compared the inferred 

population assignments from fineRADstructure and STRUCTURE with K-means clustering (as 

above) of the co-ancestry matrix. To determine how much of the variation in our dataset was 

captured by the RADpainter analysis relative to a standard PCoA on SNP data, we used the 

normalized PCA approach of (Lawson et al. 2012), using the mypca function provided in 

‘FinestructureLibrary.R’ Library in the fineRADstructure package. 

 

Phylogenetic reticulation in the western Napo lineage 

Model-based, cluster, and population genetic analyses revealed that a distinct lineage of 

individuals restricted to the western Amazonian Napo area of endemism has a complex history of 

introgression between southern and northern Amazonian clades (see Results). To investigate this 

pattern, we followed the approach of Barrera-Guzmán et al. (2018) to quantify the degree to 
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which the inferred co-ancestry of this Napo population reflected the genomic composition of 

each putative progenitor lineage which contributed genotypes to contemporary individuals. 

For these analyses, we exported a separate haplotype dataset of 52 individuals which 

included all potentially introgressed western Napo individuals (n=10) and their most 

geographically proximate populations. We used a 5% minor allele frequency cutoff, required 20x 

minimum coverage, and allowed up to 20% missing data per locus (2,370 loci, including 4,979 

SNPs). Potential progenitor populations consisted of 1) the most geographically proximate 

population inferred to have mostly unadmixed ancestry (Southwestern Amazon: Inambari, 

n=17), and 2) the primary inferred source of introgressed genotypes (as initially implied by 

STRUCTURE, north-central Amazonian Jaú + eastern Napo, n=25). This dataset was also 

analyzed separately with RADpainter as described above. 

Heavily introgressed or hybrid populations are expected to have higher mean co-ancestry 

and lower Fst with each of their progenitor lineages than their progenitor lineages will have with 

each other (Barrera-Guzmán et al. 2018). For co-ancestry comparisons, we used a standard 

ANOVA and the glht function in the multcomp R package (Hothorn et al. 2013) to test these 

predictions. We estimated population differentiation due to genetic structure (Fst) with Weir and 

Cockerham’s (Weir and Cockerham 1984) Fst, and tested the above prediction using 1000 

bootstrapped datasets to estimate 95% confidence intervals. 

To test whether or not the relationships among these three focal populations may be best 

represented by a phylogenetic reticulation, we estimated a phylogenetic network using PhyloNet 

3.6.4 (Wen et al. 2018, Zhu et al. 2018). PhyloNet takes SNP data and uses a reversible-jump 

MCMC technique to explore the posterior distribution of phylogenetic networks and bi-furcating 

topologies, while accommodating both reticulation and incomplete lineage sorting. This 
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approach searches the set of all possible reticulation models without requiring a priori model 

specification. Starting with dataset 1 (1960 unlinked SNPs), we pruned the dataset to the 52 

individuals that comprise the three groups of primary interest (above). We then pruned out all 

sites with missing data, leaving 572 biallelic SNPs (PhyloNet cannot presently consider sites 

with missing data). For our final runs of the PhyloNet program MCMC_BiMarkers, we 

randomly subsampled five diploid individuals from each group, as preliminary program runs 

indicated a computational bottleneck with more than five individuals. We assigned each group of 

five individuals to represent a ‘species,’ allowed for a maximum of one reticulation, set the chain 

length for 100000 iterations with sampling every 100, set a burn in of 20%, and as our interest is 

primarily concerned with topology, left all priors as default (i.e. assuming population mutation 

rates are constant). 

Using the final network topology estimated from PhyloNet, we estimated demographic 

parameters using G-PhoCS version 1.3 (Gronau et al. 2011). We exported haplotype data for the 

focal samples without a minor allele frequency filter, generating an alignment of 2,947 variant 

and invariant loci. We ran the program for 750,000 iterations with a 10% burn-in, estimating a 

total of 13 parameters: the effective population sizes of the three focal lineages, two ancestral 

population sizes, two splitting times, and six directional migration parameters. Parameter MCMC 

traces were inspected in Tracer 1.7.1 (Rambaut et al. 2018). We converted the median and 95% 

Bayesian credible intervals from mutation scale to generations and individuals as described in 

Campagna et al. (2015), assuming an approximate mutation rate of 10-9 per base pair per 

generation (Kumar and Subramanian 2002, Smeds et al. 2016). We calculated the number of 

migrants per generation as the product of the per generation migration rate multiplied by ¼θ for 

the receiving population (ma-b * (θb/4)) (Gronau et al. 2011). 



75 

 

Spatial distribution of genetic variation 

In practice, dispersal barriers often create sharp genetic discontinuities between adjacent 

populations that would otherwise be continuous (Petkova et al. 2015). To assess the degree to 

which spatial variation in genetic diversity within Pseudopipra can be attributed to landscape 

features, we investigated how patterns of isolation-by-distance (IBD) vary across the landscape. 

First, we used Mantel and partial Mantel tests to investigate IBD effects within sampling regions 

delimited by prominent physical barriers, and then separately tested the roles of specific dispersal 

barriers in structuring genetic variation. Mantel tests evaluate the correlation among two or more 

matrices, in our case representing pairwise genetic and geographic distance. Significance is 

assessed by permuting the rows and columns of one of these matrices (Mantel 1967). Partial 

Mantel tests incorporate a third ‘barrier’ matrix, which contains information about environmental 

or ecological distance. By evaluating the correlation between genetic and ecological distance 

while controlling for geographic distance, a partial Mantel test can be used to investigate the 

effect of a particular geographic barrier on genetic differentiation. We follow the 

recommendations of Diniz-Filho et al. (2013), and only reject the null hypothesis of no 

correlation if p << 0.05 (we use a very conservative 0.001 cutoff, ~10x more stringent than a 

standard correction for multiple tests would require)(also see Legendre and Fortin 2010, Guillot 

and Rousset 2013). 

For these tests and others, we generated a pairwise geographic distance matrix by 

calculating great circle distances using the distm function in the geosphere R package (Hijmans 

et al. 2015). Individuals sampled at the same GPS coordinates were set to have an arbitrarily 

small geographic distance of 0.0001 meters. These geographic distances were paired with a 
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matrix of pairwise genetic distances estimated in RAxML. We use phylogenetic distance among 

individuals, rather than Fst, because our data is highly hierarchically structured (though 

exploratory analyses based on Fst and other related metrics were qualitatively similar). These 

procedures, including the non-intuitive generation of an appropriate barrier matrix, are developed 

in a set of R functions we provide as supplementary material which operate on adegenet 

GENIND objects (see supplementary R code) and internally use the Mantel implementation from 

the ecodist R package (Goslee and Urban 2007). 

We also analyzed patterns of spatial variation in our data with a more sophisticated 

population genetic model which relates effective migration rates across geographic space to 

expected genetic dissimilarities among individuals (Petkova et al. 2015). This recently proposed 

method termed Estimated Effective Migration Surfaces (EEMS) produces a visualization that 

emphasizes deviations from isolation by distance to discover ‘migratory corridors’ and ‘barriers 

to gene flow’. We view this method as complimentary to more explicit hypothesis-testing 

approaches (such as Mantel tests), as it seeks to identify where local IBD predictions implied by 

the data are strongly violated in geographic space, and thereby can identify strong barriers to 

gene flow de novo. In brief, a region is covered with a dense regular grid connecting 

subpopulations (demes), among which individuals can migrate with rates varying by location. 

EEMS uses an MCMC approach to estimate expected genetic dissimilarity between two 

individuals, integrating over all possible migration histories, and adjusting migration rates among 

graph edges to match the genetic differences in the data. A migration surface is then interpolated 

across a region to indicate where genetic similarities decay faster than what a pure isolation by 

distance model predicts, visually highlighting barriers to gene flow and migration corridors. An 

effective diversity parameter is also estimated for every deme, reflecting local deviations in 
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heterozygosity. We ran several analyses using default priors, iteratively increasing the grid 

density and chain length, with up to 2000 estimated demes. For each test, we ran three chains, 

and after examining chain convergence, we assessed model fit by comparing the observed and 

fitted dissimilarity between and within demes. 

 

Vocal variation 

 We obtained sound recordings of vocalizations of Pseudopipra from the Macaulay 

Library at the Cornell Lab of Ornithology (https://www.macaulaylibrary.org) and the Xeno-canto 

(www.xeno-canto.org) collections (Supplementary Table 4). Vocalizations were analyzed in 

Raven Pro 1.4 (Bioacoustics_Research_Program 2011), and converted into spectrograms using a 

512-sample Hann window with 50% overlap. Audio recordings ranged from a cut of a single 

vocalization to longer recordings of a lek with multiple individuals vocalizing. For our initial 

assessment, we identified distinct vocalization types based on our own survey of the available 

recordings, without regard to the geographic location of the recordings. Additional analytical 

details are reported as supplementary material. 

 

Results 

Genetic data collection 

 

Our total genomic data set included an average of 1 ± 0.4 million sequences of 138 bp 

from 232 individuals of Pseudopipra and two Ceratopipra rubrocapilla, which were used as an 

outgroup. Our reference-based assembly produced a catalogue with 47,046 RAD loci. Filtered 

datasets ranged from 1,960 unlinked SNPs (dataset 1, one SNP per locus with 5% MAF and up 
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to 20% missing data filter), to 5,099 SNPs (dataset 3, all SNPs in all loci with 5% MAF and up 

to 80% missing data filter). Dataset 2 comprised the 1,960 SNPs from dataset 1, plus 621 rare 

variants filtered out with a 5% MAF in dataset 1 (2,581 loci), and up to 20% missing data filter, 

as described in the methods. We also obtained 168 mtDNA ND2 sequences using PCR methods 

which broadly overlapped with our ddRAD dataset. Our mtDNA dataset included two 

subspecies, pygmaea and coracina, from which we were not able to obtain enough high-quality 

material for ddRAD sequencing. 

 

Phylogenetic analyses 

RAxML and SVDquartets analyses generated a well-supported phylogenetic hypothesis 

(Figure 3). The monophyletic lineages of Pseudopipra identified have distributions that are 

largely congruent with previously recognized avian areas of endemism, and further reveal much 

finer scale patterns of local biogeographic differentiation in certain areas. Using the two C. 

rubrocapilla individuals to root the phylogeny, we detected support for at least five major clades 

across all phylogenetic analyses of nuclear genomic data, with consistently high bootstrap 

support in both concatenated and coalescent analysis (A-E in Figure 3, 5). We first describe the 

structure of these major clades, followed by descriptions of well supported substructure within 

each of these regional groupings. We report six bootstrap values for each clade with at least 

some high support, from each of the three datasets analyzed in RAxML and SVDquartets (see 

heatmaps, Figure 3). Figure 4 projects an idealized topology into geographic space, to show how 

inferred population relationships are related to landscape features. 

Phylogenetic structure.—The sister group to all the other Pseudopipra is a clade 

including individuals from subtropical Central America and the northern Andes. The northern 
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Andes are represented here by a single individual from subtropical forests (~1,000 m) of the 

eastern slopes of the Andes in San Martín, Peru (Clade A in Figure 3). This subtropical San 

Martín specimen (identified as P. pipra occulta) was the only viable sample in our genomic 

dataset from the entire northern Andes region (A1 in Figure 3). Mitochondrial data from three 

additional specimens from the Andes of southern Ecuador (subspecies coracina) cluster with the 

San Martín specimen (See Discussion). Thus, this northern Andean sister lineage to the Central 

American lineage likely includes all montane Andean populations of Pseudopipra in Ecuador, 

Colombia, and Venezuela. A well supported Central American clade (A2 in Figure 3) was 

identified in all analyses, with Costa Rican (A3 in Figure 3) and Panamanian subclades (A4 in 

Figure 3) supported in RAxML. 

The second successively nested clade in Pseudopipra includes individuals from 

subtropical forests of the Andes of Central Peru, which are sister to all remaining lineages (Clade 

B in Figure 3). The Central Peru clade is further subdivided into two very well resolved clades: a 

northern clade (B2 in Figure 3), sampled here from the Cerro Azul in southwestern Loreto, and a 

southern clade from Pasco, Junín, and Cusco (labeled B1 in Figure 3). The Central Peru clade is 

the sister group to a monophyletic, lowland clade (F in Figure 3) that is further subdivided into a 

southern Amazon clade + Atlantic Forest clade (Clade C in Figure 3), and a Northern Amazonian 

+ Guiana Shield clade (Clade D in Figure 3). In contrast, the analysis of mtDNA with better 

sampling of subspecies pygmaea, from the tropical forest of lower Rio Huallaga Valley, Peru, 

places this population as sister group to the entire lowland radiation (Clade F; Supplemental 

Appendix). 

Within the broad lowland Northern Amazonian + Guiana Shield clade (Clade D), 

virtually no phylogenetic substructure is associated with strong bootstrap support. The maximum 
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likelihood tree however does have substantial biogeographic coherence, which we use as 

additional justification for subdivision for descriptive statistics (Supplemental Appendix) when 

coincident with geographic features. For example, all but one individual from coastal Suriname 

and Amapá form a monophyletic assemblage (D1 in Figure 3), east of the Essequibo river. 

Likewise, all but one individual from the far eastern Napo area of endemism, east of the Rio 

Putumayo, form a clade (D2 in Figure 3). We treat these geographic groups, as well as two other 

Guianan regions, as separate populations for descriptive population genetic analyses 

(Supplementary Appendix). 

A widely distributed set of individuals encompassing the western portion of the Napo 

area of endemism (from the northern bank of the confluence of the Rio Solimões and the Rio 

Napo north of Iquitos, then west and south) was recovered as the sister group to the Guiana 

Shield + Northern Amazon clade (Clade E in Figure 3). In contrast, however, population genetic 

analyses (below) indicated that this population is a distinct lineage of the southern Amazonian 

clade that has experienced substantial hybrid introgression from a northern Amazonian 

population (see Population Genetic analyses and Discussion). 

Within the large lowland Southern Amazonia clade (Clade C in Figure 3), we recovered 

eight moderately supported and hierarchically nested clades, which are successive sister groups 

to each other, and are congruent in distribution with recognized areas of endemism. First is a 

moderately supported clade (C1 in Figure 3) of individuals from the western Inambari area of 

endemism, from west of the Rio Ucayali to the Rio Purus. Although the basal lineages within 

this clade have low bootstrap support, a monophyletic subgroup of three montane (>1000m) 

individuals from the highlands between the Rio Huallaga and Rio Ucayali cluster with high 

bootstrap support (C2 in Figure 3). 
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The next successively nested clade includes individuals from eastern Inambari, between 

the Rio Purus and the Rio Madeira (C3 in Figure 3). The next successive clade includes two 

individuals sampled from the Rondônia area of endemism, between the Rios Madeira and 

Tapajos (C4 in Figure 3). The next successive clade includes a group of individuals from the 

Tapajós area of endemism between the Rio Tapajos and the Rio Xingu (C5 in Figure 3). Next, a 

clade comprised of individuals from the northern Xingu area of endemism, east of the Rio Xingu 

(C6 in Figure 3), is sister to a well-supported Brazilian Atlantic Forest clade (C7 in Figure 3), 

which is further subdivided into three successive clades (north to south) in Bahia, Espírito Santo, 

and Rio de Janeiro, respectively (C8, C9, and C10 in Figure 3). In summary, the subdivisions of 

the Southern Amazonian clade reflect a stepwise west-east progression, with a hierarchically 

nested structure: 

(West Inambari ( East Inambari ( Rondônia ( Tapajós ( Xingu ( Bahia ( Espírito Santo ( Rio de Janeiro))))))). 

 

Cluster inference and patterns of genomic admixture 

Broad-scale population structure and admixture.—Overall Fst was moderate with respect 

to Pseudopipra: 0.196 [95% CI: 0.188-0.204]. Pairwise population estimates of Weir and 

Cockerham’s Fst ranged from essentially undifferentiated, to almost entirely distinct. At the 

extremes: comparing the geographically proximate eastern Napo and Jaú populations (both 

weakly resolved in phylogenetic analyses, but likely sister) – Fst: 0.0045 [95%CI: 0.0024 - 

0.0067]. By contrast, comparing the Atlantic Forest Espírito Santo population to Panama 

indicates an Fst of 0.81 [95%CI: 0.79 - 0.83], or almost entirely differentiated. See 

Supplementary Figure 10 for a full pairwise Fst matrix. Hartl and Clark (1997) indicate Fst > 0.25 

may be considered very great genetic differentiation. 
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K-means clustering of SNP data identified five clusters of genetically similar individuals 

as having the lowest BIC score, with membership of one sample varying slightly across datasets: 

Central America (Clade A2), South Andean Peru (Clade B), Atlantic Forest (Clade C7), 

Southern Amazon including the western Napo population (the rest of Clade C + Clade E), all 

Guiana Shield + Northern Amazon (Clade D) (Supplementary Figure 2). These clusters are 

essentially identical to those detected by STRUCTURE at K=5 (Figure 4, 5, below). In the most 

restricted dataset (#1, 1960 SNPs; 0.05 MAF), the montane sample from San Martín (North 

Andean Peru, 5444.PE.MAR) clustered with Central American populations (Clade A), as it does 

in all phylogenetic analyses. Standard PCoA explained 13-17% of the variance in the SNP data 

on the first two axes (Supplementary Figure 2). 

 Visual inspection of Pr(X|K) from summarized STRUCTURE runs indicated that the 

likelihood of each successive K from 1:20 plateaued at K = 5, with the standard deviation across 

runs increasing rapidly after this point (Supplementary Figure 3). We describe patterns of 

inferred admixture as they appear in Figure 5, reading from top to bottom. For K5, individuals 

from Central America are unambiguously assigned to their own cluster (Clade A1 in Figure 3, 

5). The north Andean montane specimen from San Martín, (North Andean Peru, 5444.PE.MAR) 

is reconstructed as being highly admixed, with a genomic composition including 4 of the 5 

inferred clusters. However, this inference is very weak because we have only one individual to 

represent this likely distinct and highly diverse north Andean lineage (though see RADpainter 

below, which is consistent with these results). Samples from the southern Amazon and Atlantic 

Forest  (Clade C), have no admixture with northern populations, except for some individuals 

from the western (Clade C1), and to a more limited degree, the eastern (Clade C3) Inambari 



83 

populations, which are inferred to have limited (~<5%) admixture with individuals assigned to 

the Northern Amazon + Guiana Shield (Clade D, see Figure 5, 6, and discussion below). 

Going from West to East across the Southern Amazon, very limited admixture with 

individuals from the Atlantic Forest (Clade C7) is first inferred in the Tapajos (Clade C5) area of 

Endemism. This admixture increases in the Xingu area of endemism (Clade C8) and increases 

further in a geographic and genetic cline to 100% assignment probability to a distinct cluster in 

the Rio de Janeiro clade (Clade C10). Given the geographic context of this cline in admixture, 

we suggest this pattern may a product of isolation by distance, hierarchical structure, and 

geographic barriers (e.g. Bradburd et al. 2017)(See Supplementary Appendix), and not isolated 

introgression events. 

Next, all individuals from the western portion of the Napo area of endemism are inferred 

to be heavily admixed (Clade E; Figure 5). On average, at K=5, STRUCTURE assigns these 

individuals (n=10) with 40.2% probability to the Guiana Shield population (SD 4.7%, average 

Bayesian credible interval (aBCI): [0.33-0.47]), 50.4% to the Southern Amazon population (SD 

3.4%, aBCI: [0.43-0.58]), as well as limited 4.15% probability to Central Peru (SD 3.1%, aBCI: 

[0.01-0.08]), and 5.2% to Central America (SD 4.8%, aBCI: [0.02-0.1]). The three localities 

included in this clade– (1) north of Iquitos, on the east bank of the confluence of the Rio 

Solimões and the Rio Napo, (2) southwest of Iquitos in Allpahuayo Mishana Reserve 

(represented by three mtDNA samples), and (3) near San Jacinto, Ecuador– indicate that this 

heavily admixed population (corresponding to subspecies discolor) may occur across a large area 

of the western Napo region of endemism, and likely does not represent a narrow hybrid zone 

(Figures 2-7). 
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Lastly, at K=5, all members of the Guiana Shield + Northern Amazon clade (Clade D) 

are inferred to be virtually undifferentiated. Individuals in the far eastern Napo area of endemism 

on the east bank of the Rio Putumayo (brown dots in Figure 3, 4) cluster with other Guiana 

Shield groups in phylogenetic analyses but are detected to have limited (~5%) admixture with 

pure individuals of Southern Amazon provenance. At higher values of K, the broad-scale 

population assignments inferred at K=5 are mostly unchanged, however additional admixture 

components are inferred for most groups. The introgressed western Napo clade is eventually 

placed into its own cluster at K=9-10 (see Supplementary Figure 4, Supplementary Figure 8). 

Fine-scale population structure and admixture.—Admixture analysis using the RAD 

locus optimized chromosome painting approach in RADpainter and then population assignment 

with fineRADstructure (Lawson et al. 2012, Malinsky et al. 2018), was congruent with other 

analyses, and also detected finer partitions of population structure. The fineRADstructure 

program detected 15 groups of individuals which were each supported with a posterior 

probability of 100% and which also overlapped with sampling regions which we delimited for 

population genetic analyses based on clear geographic barriers (Black dots in Figure 3, 

Supplementary Figure 5): These groups include: 1) Central America (Costa Rica + Panama; 

Clade A2 in Figure 3), 2) North Andean Peru (grouped with Central America; Clade A), 3) South 

Andean Peru (north clade; Clade B2), 4) South Andean Peru (south clade: Clade B1), 5) 

Introgressed western Napo lineage (Clade E), 6) eastern Guiana Shield (Suriname + Amapá; 

Clade D1), 7) eastern Napo, Jaú and western Guiana (Clade D2+ other members of Clade D), 8) 

Eastern Inambari (Clade C3), 9) Western Inambari (Clade C1), 10) Rondônia (Clade C4), 11) 

Tapajós (Clade C5), 12) Xingu (Clade C6), 13) Atlantic Forest – Bahia (Clade C8), 14) Atlantic 

Forest - Espírito Santo (Clade C9), 15) Atlantic Forest – Rio de Janeiro (Clade C10). The only 
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sampling regions which fineRADstructure failed to strongly partition into separate groups 

consisted of a group of individuals in the Jaú area of endemism, and a group of individuals in the 

eastern Napo area of endemism (both of which are weakly resolved in phylogenetic analyses, but 

unambiguously members of the broader Northern Amazon + Guiana Shield clade D). The eastern 

Napo individuals are identified as a low support group (pp = 0.49), while the Jaú individuals are 

lumped in with other western Guiana Shield individuals. See Supplementary Figure 5 

(fineRADstructure dendrogram), and the full dataset co-ancestry matrix plot Supplementary 

Figures 6-7. 

Patterns of inferred co-ancestry show a complex mosaic of shared ancestry among 

populations (Supplementary Figures 6-7). In general, however, these patterns are concordant 

with higher level patterns detected with STRUCTURE. Notably, the high level of admixture 

initially inferred for our San Martín sample is recapitulated in RADpainter analysis – this sample 

has relatively high co-ancestry across most populations. Lastly, the Lawson et al. (2012) 

‘normalized PCA’ approach provided with fineRADstructure captured 89% of the variance in the 

genetic data on the first four component axes (axis 1: 51.4%, axis 2, 24.9%, axis 3: 7.77%, axis 

4: 4.94%) indicating that the co-ancestry matrix reflects substantially more information than 

standard PCoA/PCA of SNP data (above) (Supplementary Figure 8). 

 

Phylogenetic reticulation in the western Napo lineage 

Assessing hybrid introgression.—Separate RADpainter and PhyloNet analysis of the 

populations in the western Napo area of endemism and their putative progenitor lineages 

supported the hypothesis that this region has a complex history of introgression. One-tailed tests 

of mean co-ancestry indicated the null hypothesis that the difference in means among groups is 
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less than or equal to zero can be strongly rejected (ghlt p < 2e-16), and that individuals from the 

western Napo population have greater median/mean co-ancestry with each progenitor lineage 

than their progenitor lineages share with each other (PHvGS/progenitors = ~1.078, 

PHvInambari/progenitors = ~1.16). These analyses establish the asymmetry in introgression 

patterns detected by STRUCTURE. On average, western Napo individuals share ~ 7.5% greater 

co-ancestry with Inambari individuals (southern Amazon) than they do with other Northern 

Amazon individuals (glht p < 2e-16), indicating that these populations are not likely to be 

composed of F1 hybrids.  We also did not observe clinal variation within our samples of this 

lineage. 

fineRADstructure analysis of the co-ancestry matrix, as well as visualization of the co-

ancestry matrix, also indicated that the western Napo population is a differentiated form (Figure 

6a-d). Principle components analysis (Figure 6d) of the co-ancestry matrix indicate that the 

western Napo lineage is intermediate on PC1 (compared to progenitor lineages), and 

differentiated on PC2, as expected if the Napo lineage has had sufficient time in reproductive 

isolation for sorting of ancestral alleles or for the evolution of new alleles (Barrera-Guzmán et al. 

2018). 

Bootstrapped estimates of Fst indicated the same general patterns: 95%CI; western Napo 

vs Eastern Napo (Northern progenitor, 0.07 - 0.090), western Napo v Inambari (Southern 

progenitor, 0.058 - 0.077): Eastern Napo vs Inambari: (between progenitors, 0.122 - 0.144). 

These patterns of Fst estimates were robust to alternative assignments of source linages (for 

example, including an additional adjacent population for both of the putative progenitor 

lineages). Thus, the introgressed western Napo lineage is less differentiated from each of its 
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progenitor lineages than its progenitor lineages are to each other (i.e. it is intermediate, see 

methods), and it is also biased in its ancestry toward Inambari populations. 

PhyloNet detected that an evolutionary reticulation is the best model to explain the origin 

of the western Napo population (Figure 6a). Computational limitations restricted us to evaluating 

a three-taxon case with a maximum of one reticulation. This included each putative progenitor 

lineage: (1) western Guiana Shield, northern Amazonian clade (clade D2), (2) a sample of 

northwestern Inambari individuals, part of the southern Amazonian clade (clade C1) —and (3) 

the introgressed western Napo population (clade E), each defined as ‘species.’ The RJMCMC 

search achieved an ESS of ~300 and detected two network topologies representing 98% of the 

posterior probability. The top ranked network (pp = 51%, Figure 6a) implies the MRCA of the 

northern Amazonian (Eastern Napo + Jaú) and southern (Inambari + Western Napo) lineages 

diverged first (clade F). This initial split was followed by a split within the latter lineage that led 

to the Inambari (S1) and progenitor western Napo (S2a) populations (MRCA of S1 and S2a: 

Figure 6a). Later, genetically distinct genomes from the Northern lineage (clade D/D2) 

introgressed into S2a (ancestral western Napo) to give rise to the contemporary western Napo 

population (S2). The next best network (pp = 47%, Supplemental Data) implies that northern and 

southern lineages of Clade F diverged, as in the top ranked network. Later, S1 and the NW 

Amazonian lineages merged, forming a hybrid lineage. We base our subsequent discussion on 

the top ranked network, as this hypothesis is consistent with patterns we detect in other analyses, 

though we acknowledge that support for these two reticulation scenarios is similar. 

Taken in the context of our STRUCTURE (Figure 5) and fineRADstructure (Figure 6) 

results, the introgression indicated in the top ranked network seems to have been asymmetrical, 

leaving very little evidence of southern admixture among northern lineages (see Figure 5, 
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‘weakly resolved eastern Napo’, which are detected to have very limited (< ~5%) southern 

admixture). Demographic parameters estimated with G-PhoCS are also consistent with this 

hypothesis: the only substantial (lower 95% CI > 1 migrant per generation) migration rate was 

inferred to be from the eastern Napo (member of Guiana Shield lineage) lineage into S2/S2a 

(Figure 6, Supplementary Table 5). 

G-PhoCS also allows us to place a preliminary maximum age bound on the timing of 

introgression into S2a. Assuming one generation per year and a constant mutation rate, our 

analysis estimates the splitting time between S2a and S1 to be on the order of 500 Ka (Figure 6, 

Supplementary Table 5). Though we emphasize that this is a rough approximation, this result is 

consistent with prior divergence time estimates for several groups in the genus based on mtDNA 

(Castro-Astor 2014); that study estimated ssp pipra (Clade D; Northern Amazon + Guiana Shield 

lineage) to have branched off from its closest relatives ~ 0.6717 [95% HPD: 0.3506-1.1287] Ma. 

Therefore, introgression into S2a must have occurred more recently. 

Lastly, patterns of admixture (Figure 5) also suggest some evidence of limited 

introgression of Northern Amazon alleles into the southwestern Amazonian Inambari population 

(Figure 5). This could be a consequence of limited gene flow into the Inambari population after 

the primary introgression event which formed the introgressed western Napo lineage. Ultimately, 

the product of this process was a differentiated and introgressed lineage within the western part 

of Napo area of endemism. 

 

Spatial distribution of genetic variation 

Under isolation by distance (IBD), the empirical relationship between geographic 

distance and genetic distance is related to offspring dispersal distance and population size 



89 

(Rousset 1997). Isolation by distance effects are thus predicted when individual dispersal 

distances are smaller than a species’ range (Teske et al. 2018). Fifteen out of eighteen considered 

areas (see Population Genetics, Figure 4, and Supplemental Appendix for a description of how 

these areas were defined) contained > 2 individuals, and thus could be evaluated for isolation by 

distance effects. Within areas, only the western Inambari and Atlantic Forest-Rio de Janeiro 

populations were detected to show significant signals of IBD at the 0.001 alpha level 

(Supplementary Table 2a). When geographic distance was log transformed, only the Jaú and 

Inambari areas were indicated to have significant IBD effects (Supplementary Table 2a). Partial 

Mantel tests of specific barriers to gene flow indicated that most evaluated river and physical 

barriers likely play significant roles in structuring genetic variation between areas 

(Supplementary Table 2b). These patterns are expected if individuals are dispersing within 

sampling regions but are generally unable to cross barriers delimiting these areas; for our dataset, 

these barriers are predominantly the major tributaries of the Amazon, or montane regions. 

Notably, the Rio Negro was the only evaluated barrier which is not detected to exhibit a 

significant effect—in comparing of Jaú and western Guiana Shield samples (Supplementary 

Table 2b). 

 Analysis with EEMS complimented and largely corroborated the specific hypotheses 

implied by Mantel tests. For our analysis of 2000 fitted demes, the model fit between demes was 

very high (R2 = 0.871), and within demes somewhat less (R2 = 0.579), indicating that the EEMS 

model does a very good job of describing spatially structured variation in this dataset 

(Supplementary Figure 11). EEMS also detected many strong signals (posterior probability > 

0.9) of barriers to gene flow and migratory corridors (Figure 7). As expected, the Andes and the 
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Amazon river were unambiguously detected as the most significant barriers to gene flow and are 

clearly recovered as landscape features. 

EEMS also detected signals of deviation from IBD that likely correspond to several 

Amazonian tributaries in the Amazon basin, delimiting areas of endemism (Figure 7). 

An additional strong barrier to gene flow was inferred in the south-central amazon (south-central 

brown patch in Figure 7), corresponding to the Caatinga - Cerrado – Chaco ‘dry-diagonal’ 

biomes. Strong signals of genetic connectivity are inferred in many localities (blue in Figure 7), 

notably west of the Andes, connecting north Andean and Central American lineages (despite a 

dearth of sampling in that region). This link likely reflects the common ancestry among montane 

Andean lineages between Central America and Central Peru as Pseudopipra does not presently 

occur on the western slopes of the Peruvian Andes. The large Guianan + Northern Amazonian 

region (E. Napo + Jaú + Guiana) is detected to have relatively weak population structure across a 

variety of barriers (including the Rio Negro). Several areas of endemism are also detected by 

EEMS in the Atlantic Forest, likely corresponding to the Coastal Bahia and Serra do Mar areas 

identified by da Silva et al. (2004) (Figure 7). Introgressed hybrids from the western Napo area 

of endemism are inferred as being genetically isolated from neighboring populations, with strong 

barriers to gene flow on all sides, perhaps corresponding to the effects of the Rio Marañón in the 

south and Rio Putumayo/Iça to the north. 

EEMS detected two broad clusters of relatively high genetic diversity (relative 

heterozygosity: Supplementary Figure 12). One is centered along the Amazon river and was 

relatively uniform within the northern Amazonian basin, reflecting relatively high genetic 

diversity in Guiana Shield populations. The other relatively high diversity group is the 

introgressed western Napo population. Areas of relatively low genetic diversity included the 
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Atlantic Forest, the Peruvian Andes, and Central American lineages. These results are consistent 

with estimates of regional variation in allelic richness (Supplementary Appendix for details). 

 

Vocal variation 

We examined 198 recordings of Pseudopipra and identified 15 distinct vocalizations that 

can be diagnosed by ear or visual inspection of sonograms (labeled numerically (arbitrarily) in 

Figure 8 and 9). This set of vocalization types includes both advertisement vocalizations from 

males at leks, and calls by males and females in other contexts. By examining recordist notes, we 

generated a preliminary hypothesis which distinguishes 13 highly variable and distinct, male 

lekking vocalizations (Figure 8) from two broad ranging call types (Figure 9). Work by Castro-

Astor et al. (2007) provides important insights of the vocal behavior of Atlantic forest 

populations, but most Pseudopipra populations lack similarly detailed studies. Vocalization 

types within each category of lekking or call vocalizations can be statistically discriminated 

based on a combination of the frequency, duration, number of notes, and quality of the sound 

(buzzy vs pure tone). PCA and logistic regression on lekking vocalizations (n=114, 

Supplementary Table 3), and call vocalizations (n=33) found significant differences among types 

(p < 0.001). The first three axes of a PCA explained ~90% of the variation in lekking 

vocalization characters, with PC1 (~64%) primarily explaining variation in note number and 

frequency (Supplementary Figure 15). 

Assigning vocal types to well supported genetic groups is challenging in the absence of 

matching data (i.e., recordings from the same individuals from which we have genetic samples). 

Nevertheless, we found that most vocal types have distinct non-overlapping geographic ranges 

(Figure 8, Figure 9), and that the majority correspond to the geographic range of distinct lineages 
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we identify (Taxonomic Summary, below). The complex phylogenetic history we have 

documented with genetic data has clearly had a strong impact on the evolution of male vocal 

advertisements in Pseudopipra. Because lek vocalizations are a focus of female choice in 

manakins and because suboscine passerines have largely innate vocalizations, the extensive 

vocal differentiation among populations of Pseudopipra strongly indicates the existence of many 

species with Pseudopipra. 

 

Discussion: 

In comparison to the great diversity of Neotropical organisms available for study, there 

have been far fewer studies focused on understanding both fine and broad scale diversity patterns 

within broadly distributed Neotropical taxa, and this has slowed the biogeographic interpretation 

of the effects that many landscape features have on the evolution of Neotropical organisms 

(Marks et al. 2002, Nyári 2007, Milá et al. 2012, Fernandes et al. 2013, Harvey and Brumfield 

2015, Harvey et al. 2017). We investigated the phylogenetic and population genetic history of a 

continentally distributed taxon currently recognized as a single biological species– Pseudopipra 

pipra– using a genomic dataset which samples thousands of loci across the genomes of 232 

individuals representing eight of thirteen Pseudopipra subspecies. Two additional subspecies, 

pygmaea and coracaina, were represented by mtDNA. Our sampling encompasses a majority of 

the broad range of P. pipra, spanning Neotropical forests from Central America to the Atlantic 

Forest of Brazil, including highland and lowland areas of endemism. 

The predominant phylogenetic signal we detect in our dataset is of two successively 

nested montane clades as the sister groups to several major lowland Amazonian clades (see 

Historical Biogeography, below). This pattern implies that lowland populations of Pseudopipra 
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expanded historically 'out of the Andes,’ and that lowland clades of Pseudopipra are derived 

from ancient lineages endemic to the Andes (~ 2.5 Ma; Castro-Astor (2014)). The lowland clade 

within Pseudopipra originated (~1.085 [0.57-1.79] Ma) in southwestern Amazonia (Figure 4) 

and expanded, occupying Amazonia on both margins of the Amazon river, and eventually 

reached the Atlantic forest (see below). Therefore, to our knowledge, our study provides a 

unique example of a widespread suboscine passerine which originated in the Andean highlands. 

 

Population genetic variation 

 We examined our dataset using a variety of population genetic approaches intended to 

assess the number of natural genetic groupings that may be present in Pseudopipra. Phenetic K-

means clustering of SNP data and analysis with STRUCTURE estimated a minimum of 5 broad 

genetic clusters (Figure 5, Supplementary Figure 2, Supplementary Figure 4). K-means 

clustering of the co-ancestry matrix (which captured substantially more variation than standard 

PCoA) more finely partitioned the dataset into at least ~8 broad groups (Supplementary Figure 

8), which generally recapitulate phenotypically delimited subspecies boundaries (Figure 2). 

Phylogenetic (RAxML, SVDquartets) and model-based population genetic (fineRADstructure) 

analyses of nuclear genomic data detected fifteen clusters of individuals which coincided with 

sampling regions delimited by clear geographic barriers (results, Figure 3, 4, Supplementary 

Appendix). Two additional subspecies represented by mtDNA (results) bring the total number of 

distinct genetic populations delimited by geographic barriers to at least seventeen. The close 

concordance observed between population structure and landscape features implies that the 

evolutionary history of Pseudopipra within the Neotropics is deeply connected to the South 

American landscape, adding support to a rich body of literature endorsing this hypothesis 
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(Cracraft and Prum 1988, Brumfield 2012, Silva et al. 2019). Our analyses of isolation by 

distance compliment and support these general conclusions (below). 

Our analyses also lend themselves to some general conclusions about the sensitivity of 

various methods to detecting population genetic structure. Overall, methods based on clustering 

of SNP data were the least sensitive (prone to lumping) to population structure, whereas 

phylogenetic analyses were the most sensitive to population structure (prone to splitting). Thus, 

different phylogenetic and population genetic cluster analyses detected different levels of 

hierarchical structure in the data. 

Overall, there was broad congruence in group assignments across methods, and no 

reciprocally incompatible clusters were recovered—with a notable exception: In phenetic K-

means clustering of expanded datasets 2, 3 (Supplementary Figure 2), and of the normalized co-

ancestry matrix (Supplementary Figure 8), the important and unique North Andean montane 

individual (5444.PE.MAR) clusters with other South Andean (Central Peruvian) lineages, contra 

phylogenetic analysis. But in all model based phylogenetic analyses (and fineRADstructure 

population assignment) 5444.PE.MAR clusters with Central American Lineages. Additional field 

sampling of these North Andean populations is required to further understand why this lineage 

may share signals of ancestry with both groups. 

Our relatively dense sampling reveals a unique ‘horseshoe-like’ pattern of genetic 

differentiation across the Amazon basin (Figure 4). We recover no evidence of gene flow across 

the Amazon river, except in the western headwaters where the Amazon is narrowest and 

floodplains are dynamic and young (Räsänen et al. 1987, Haffer 1992, Pupim et al. 2019). Given 

that the genus originated in the west, we hypothesize that these two clades diverged across the 

Amazon river in this region. For virtually all evaluated cases, we find significant effects of 
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geographic barriers on subdividing genetic variation within this species complex, including 

across the Amazon River and most of its larger tributaries, with the notable exception of the Rio 

Negro (Figure 7 and Supplementary Table 2a, 2b). As expected, the ‘dry-diagonal’ Caatinga, 

Cerrado, and Chaco belt is a strong barrier to gene flow, isolating Atlantic Forest lineages from 

their southeastern Amazonian Xingu relatives—as are the Andes, which exhibit a 

disproportionate effect on divergence between Peruvian foothills populations and Central 

American lineages (see Supplementary Appendix for additional discussion). 

Multiple analyses indicate that the western Napo population has a complex history of 

initial and early differentiation from the broader Southern Amazonian clade, followed by 

subsequent, asymmetric genetic introgression from Jaú and eastern Napo populations of the 

Guianan Shield + Northern Amazon clade (Clade D; see discussion below). This result is in 

conflict with other phylogenetic analyses. When the genetic data are analyzed under either 

concatenated or coalescent phylogenetic frameworks which do not allow for phylogenetic 

reticulation, the western Napo population is reconstructed as most closely related to Guiana 

Shield + Northern Amazon populations (Figure 3, Figure 5, Clade D). In contrast, phylogenetic 

network analysis strongly indicates that this population is more closely related to individuals of 

Inambari (southern Amazon) provenance (Figure 6, also summarized in Figure 4). This 

incongruence between methods is likely due to the complexity of the constituent gene trees in 

this population-level differentiation induced by asymmetric introgression from the Jaú and 

eastern Napo populations (Thom et al. 2018). We hypothesize that introgression has introduced 

more recently derived variation from the Guiana Shield + Northern Amazon clade D into an 

older, differentiated, population of the Southern Amazonian clade, pulling the phylogenetic 

affinity toward the northern clade. 
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History of an introgressed hybrid lineage 

Analysis of genomic admixture and phylogenetic reticulation revealed a population of 

differentiated individuals restricted to the western Napo area of endemism which have highly 

introgressed genomes and a particularly complex evolutionary history (Figure 6). Our 

investigation revealed this northwestern lowland Amazonian group is most likely derived from a 

southwestern Amazonian lineage which experienced introgression from a member of the Guiana 

Shield +Northern Amazon clade D. The substantial level of observed introgression (>40%), as 

well as a suite of genomic and phenotypic evidence, suggests that this lineage may be best 

recognized as a hybrid species. 

 To date, five prior examples of hybrid species formation in birds have been evaluated 

with genomic data: (1) the golden crowned manakin (Barrera-Guzmán et al. 2018), (2), the 

Audubon’s warbler (Brelsford et al. 2011), (3) the Italian sparrow (Hermansen et al. 2011), (4) 

the Hawaiian duck (Lavretsky et al. 2015), and (5) a putative species of Darwin’s finches 

(Lamichhaney et al. 2018). These examples of mosaic genome hybrid speciation, in which the 

fusion of two or more progenitor lineages leads to a reproductively isolated hybrid species 

(Jiggins et al. 2008, Counterman 2016), highlight the emerging paradigm that modern patterns of 

avian diversity may have been significantly influenced by historical phylogenetic reticulation 

(Suh 2016). Our analyses of genomic data across Pseudopipra imply that the western Napo 

lineage is likely a differentiated, allopatric phylogenetic species which has a genome 

composition derived from heavy historical admixture with a non-sister lineage. This historical 

scenario is not the same as those examples cited above, and yet it has produced a population 

genetic signature which is very similar (compare to Barrera-Guzmán et al. 2018). 
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Some authors have proposed strict population genetic criteria for identifying homoploid 

hybrid speciation, including demonstrating (1) evidence of reproductive isolation from parental 

species, (2) evidence of past hybridization, and (3) evidence that intrinsic reproductive isolation 

was derived from the hybridization event (Schumer et al. 2014, Barrera-Guzmán et al. 2018). 

The first two conditions are easily satisfied by the western Napo Pseudopipra lineage. 

Phylogenetic and population genetic analysis indicate reproductive isolation. All phylogenetic 

analyses, including concatenated and coalescent analyses (Figure 3 4, 6), recover this lineage as 

a strongly supported reciprocally monophyletic group. PCA-based and model-based population 

genetic cluster analyses (Figure 6b, 6c, Supplementary Figures 4-9), also support the hypothesis 

that this lineage is both intermediate and differentiated when compared its closest living 

relatives. Analysis of IBD also supports the hypothesis that gene flow around the geographic 

extents of this population is at least restricted and probably not occurring (Figure 7, 

Supplementary Figure 12). Estimates of inbreeding coefficients also imply that introgression is 

probably not ongoing into the western Napo lineage (Supplementary Appendix): The similar 

levels of inbreeding among Pseudopipra populations in the western Amazon (FIS, Supplementary 

Figure 9, and Supplementary Appendix) imply that the western Napo population is not more 

outbred (i.e. recently introgressed) than other inbred populations. Notably, the consistently 

positive level of inbreeding (median ~0.16, 95% CI [0.11-0.21]) among most Pseudopipra 

populations is perhaps attributable to a highly polygynous lek mating system (Smith 1979, Waser 

et al. 1986, Stopher et al. 2012). In sum, these patterns imply contemporary reproductive 

isolation of the Western Napo populations. 

The second criteria, evidence of past hybridization, is directly supported by model-based 

analysis of genomic admixture and phylogenetic reticulation (Figure 5, 6), and indirectly 
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supported by model based and phenetic cluster analysis (Supplementary Figures 4-9). We 

hypothesize that hybridization initially occurred between progenitor lineage S2a and western 

lineages of the Guiana Shield + Northern Amazon clade (Figure 6a). S2a then became extinct 

and was replaced by the novel introgressed lineage, which subsequently exchanged genes with 

neighboring populations. An intrinsic assumption of our analyses is that S1 (western Inambari) is 

an appropriate substitute for S2a (which we infer to have existed). We use S1 as proxy for S2a in 

population genetic analyses because it is the closest and only available relative. 

The third criterion, evidence that intrinsic reproductive isolation was derived from the 

hybridization event, is the most difficult to demonstrate, and perhaps also the most tenuous and 

dependent on one’s concept of species. This criterion is useful for framing the strength of 

evidence for or against the existence of a homoploid hybrid species if one adheres strictly to the 

biological species concept, as is frequently adopted for birds (Mayr 1942). However, if one 

adopts a more evolutionary definition of species, like the metapopulation lineage concept, in 

which the only necessary requirement is demonstration of separately evolving lineages (de 

Queiroz 2005), the importance of demonstrating intrinsic reproductive isolation to claim species 

status for a putative hybrid lineage (or any lineage at all) is less clear to us. Requiring 

hybridization to be the source of intrinsic reproductive isolation also excludes the possibility that 

extrinsic reproductive isolation may result from intrinsic changes that enable hybrids access to 

new niches, which may be also be geographically restricted relative to parental forms  (Nieto 

Feliner et al. 2017). In sum, we cannot yet determine if the genetic signatures of reproductive 

isolation we observe for western Napo Pseudopipra are related to hybridization. 

Intriguingly, the evolutionary scenario inferred by phylogenetic reticulation analysis for 

the introgressed western Napo hybrids is consistent with observed patterns of lekking 
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vocalizations (Figure 8, Supplementary Appendix). The males from the Napo area of endemism 

share vocalization type 2 with birds in the southeastern Amazon (Figure 8), and with the 

restricted Huallaga valley pygmaea subspecies (the sister group to all lowland Amazonian forms, 

according to mtDNA). Manakins are suboscine passerines, have innate vocalizations (though see 

Saranathan et al. 2007). Therefore, the introgressed Napo lineage inherited its vocalizations from 

the MRCA of groups S1 and S2 (Figure 6a) and retained it through subsequent introgression 

with northern lineages that have a different vocal type (Type 3 and/or 5). In this scenario, vocal 

type 7 in the western Inambari may represent more recently derived variation in the southern 

Amazonian clade (Figure 8). The observation that the introgressed western Napo hybrids share a 

greater proportion of their genomes with their southern progenitors is consistent with this 

hypothesis, as is the observation that the introgressed lineage has mtDNA haplotypes from the 

southern Amazon (Supplementary Figure 16). This mitochondrial pattern implies that the 

introgressed Napo lineage may be a product of progenitor female S2a and western males of the 

Guiana Shield + Northern Amazon clade. 

Taking all of the available genetic and phenotypic evidence into account, we propose that 

the Western Napo lineage is an additional example of the formation of a hybrid species in birds, 

and one that was produced via an underappreciated historical mechanism. The patterns we 

observe appear to be most similar to ‘hybrid trait speciation,’ in which a hybrid species is formed 

after introgression from one species into a genomic background of a close relative (Jiggins et al. 

2008, Counterman 2016, Marques et al. 2019). This type of combinatorial hybrid speciation was 

originally proposed from studies of Heliconius butterflies (Jiggins et al. 2008, Salazar et al. 

2010), and suggests introgression of a ‘magic trait’ can instantaneously lead to hybrid speciation 

without intrinsic barriers to reproduction (Counterman 2016). While we have no evidence of 
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‘magic traits’ representative of the Northern Amazon + Guiana Shield clade (D) that have 

influenced reproductive isolation in the western Napo lineage, our study predicts that such traits 

may exist in these populations and are worthy of additional study. 

 

Comparative and Historical Biogeography 

The spatial pattern of population structure and evolutionary relationships we identify here 

are broadly congruent with other recent studies of Neotropical biogeography in upland forest 

birds, contributing another example of the substantial phylogeographic pseudocongruence across 

taxa at this wide scale (e.g. Cunningham and Collins 1994, Harvey et al. 2017). As expected, the 

two main barriers identified for Pseudopipra in the South American lowlands are the Amazon 

River and the dry diagonal. Amazonian tributaries seem to delimit recently isolated populations 

in southern Amazonia, while northern Pseudopipra populations show weaker evidence of being 

isolated by the Negro and Japurá rivers. By contrast, southern populations seem to be strongly 

isolated by rivers with smaller discharge, such as the Xingu, Tapajós and Purus. 

A comparable survey of the suboscine ovenbirds in the Xenops complex (Harvey and 

Brumfield 2015) identified similar patterns of genetic structuring coincident with major 

Amazonian tributaries, as did Ribas et al. (2012) in the Psophia trumpeters, though the inferred 

relationships among areas of endemism are not the same. A recent comparative analysis shows 

that large rivers delimit genetic clusters in as many as 23 groups of upland Amazonian forest 

birds, strongly arguing in favor of these rivers acting as barriers to gene flow (Silva et al. 2019). 

The somewhat distinct pattern found for Pseudopipra may be related to its recent expansion 

throughout the eastern Andean lowlands and its habitat tolerance. 
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Within the manakins, a recent molecular phylogeny (Ohlson et al. 2013) placed 

Pseudopipra as sister to the genus Ceratopipra, which includes five well-recognized species that 

are extensively codistribtuted with Pseudopipra. The montane origin of Pseudopipra is 

congruent with the observation that Pseudopipra is the sister group to Ceratopipra, which is also 

broadly distributed in the Neotropical lowlands from Central America to the Atlantic Forest, with 

two secondary expansions into the subtropical forests in the tepuis (C. cornuta) and the southern 

Andes (C. chloromeros) (Ohlson et al. 2013). The breakpoints among these Ceratopipra species 

are highly concordant with the breakpoints among the genetic clusters within the Pseudopipra 

complex that we have presented here, implying that these closely related taxa have many 

components of their phylogeographic history in common. See the Supplemental Appendix for 

additional notes, as well as Castro-Astor (2014). 

 A key feature of the phylogeny of Pseudopipra is that montane Andean lineages are sister 

groups to both the montane Central American and the lowland Amazonian-southeast Brazilian 

lineages. Ancestral character reconstruction with Bayesian stochastic mapping therefore 

unambiguously reconstructs the most recent common ancestor of Pseudopipra as montane 

(Figure 3, Supplemental Appendix). Thus, it appears that the most recent common ancestor of 

Pseudopipra was an Andean lineage restricted to subtropical, lower montane forest. The earliest 

diversification event in the genus was likely the differentiation of the ancestral Andean 

populations north and south of the Rio Huallaga, Peru. The northern lineage gave rise to the 

subtropical montane lineages of the northern Andes and Central America (Clade A). The 

southern lineage gave rise to a subtropical montane Southern Peruvian lineage (Clade B) and a 

southwestern lowland Amazonian lineage (pygmaea, represented in our dataset by mtDNA). 

Subsequently, the Amazonian lineage expanded to the eastern lowlands and differentiated into 
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the northern lowland Amazonian + Guiana Shield (Clade D in Figure 3) and southern lowland 

Amazonian/Atlantic Forest (Clade C in Figure 3) clades. Within the Southern Amazonian clade, 

differentiation proceeded from west to east: (Figure 3, 4): 

(West Inambari (East Inambari (Rondônia (Tapajós (Xingu (Bahia (Espírito Santo (Rio de Janerio )))))))). 

Contrastingly, the northern Amazonian lineage also expanded all the way to the Atlantic Ocean, 

but without producing strong phylogenetic structure (Figures 3, 4). In the Napo area of 

endemism, substantial introgression occurred from east Napo and Jaú populations into the 

western Napo population, with limited backcrossing into Inambari and east Napo populations. 

Intriguingly, a well-supported distinct montane (>1000m) (BS100) (Clade C2 in Figure 

3) is recovered as nested within the well supported lowland western Inambari subclade (Cerro 

Azul, Clade C1 in Figure 3). Thus, there may have been at least one secondary invasion of 

montane Andean habitats from a lowland ancestor. Patterns of admixture support this hypothesis 

– montane Cerro Azul individuals are detected to have limited genomic background of derived 

lineages of the Guiana Shield + Northern Amazon clade (yellow in Figure 5), similar to 

proximate lowland relatives. The presence of genomic admixture from the Guiana Shield + 

Northern Amazon clade is consistent with a scenario of secondary invasion of the highlands from 

lowland Inambari lineages which were secondarily weakly introgressed from the western Napo 

(see below), which itself experienced significant initial introgression from the Northern Amazon 

+ Guiana Shield clade (D). 

 

North Andean diversity 

 Our final genomic data set does not include any samples from Andean Ecuador or 

Colombia, a region that includes four previously recognized subspecies and at least four distinct 

vocalization types. Unfortunately, the three Andean Ecuadorian tissue (representing subspecies 
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coracina) specimens in our original sample were not of high enough preservation quality to be 

viable for ddRAD sequencing (Supplementary Table 1). We were able to obtain mtDNA from 

these samples however, which unambiguously formed a monophyletic cluster with our single 

San Martín (North Andean Peru) specimen in mtDNA gene tree analyses (Supplemental 

Appendix, Supplementary Figure 16). A prior study by Castro-Astor (2014) based on mtDNA 

also included one Andean Ecuadorian sample and one Central American sample, which 

unambiguously clustered together (pp=100). Thus, it is likely that our unsampled Andean 

lineages of Ecuador and Colombia (including the subspecies minimus, bolivari, unica, and 

coracina) are likely members of the northern Andean clade represented in our genomic data set 

by our single San Martín specimen. 

As noted earlier, our San Martín specimen had approximately equal probability of 

assignment to multiple populations, which could indicate heavy admixture, or that this is a single 

sample from a highly distinct population which has its own distinct history. These patterns may 

also be consistent with the hypothesis that the north Andean clade is the source of montane and 

lowland Pseudopipra diversity. In summary, the genus Pseudopipra appears to have radiated 'out 

of the Andes,’ expanding into the Central America highlands, and into the eastern lowland 

Amazonian and Atlantic forests. 

 

Phenotypic Evolution 

 Thirteen subspecies have been previously described based on variations in plumage color 

and, to a lesser extent, size (See Taxonomic Summary in Supplementary Appendix). Male 

plumage coloration varies among the subspecies of Pseudopipra in the glossiness of the black 

body feathers, the length of the white crown feathers, and the color– white, gray, or black– of the 
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bases of these crown feathers. Female plumage coloration often shows more striking 

differentiation among subspecies than does male plumage, including variation in the shade of 

olive green on the body, the shade and extent of gray on the crown and face, and olive, yellow, 

or gray coloration on the belly. 

 Although we did not conduct a detailed analysis of plumage variation among populations 

of Pseudopipra, we note that all of the ten subspecies that were included in our genetic samples 

were identified as distinct, diagnosable, monophyletic groups. In other words, in all cases that we 

were able to test, traditional taxonomic practices– conducted between 1758 through 

1936– successfully identified and named distinct evolutionary lineages within Pseudopipra. We 

did not have genetic samples of the northern Andean taxa minima, unica, and bolivari, but the 

entirely white crown feather bases are shared exclusively by unica and minima, and on the 

forecrown feathers of bolivari, imply that this plumage character state is derived within 

Pseudopipra, and that minima and unica form a clade, with bolivari as their sister group. One 

lineage containing two subspecies–  separabilis and cephaleucos- has evolved another unique, 

shared, derived plumage character– a distinctive, second, predefinitive male plumage which has 

further differentiated between the two subspecies. In cephaleucos, predefinitive males have an 

olive green back, a white crown, and slate gray face and belly. In separabilis, predefinitive males 

are similar with lighter gray belly, and a medium gray, instead of white, crown. In conclusion, 

plumage coloration appears to provide highly informative evidence of evolutionary lineage status 

in this genus. 

 Our analysis of vocal behavior indicates that vocalizations are also highly informative of 

lineage identity within Pseudopipra. We identified fourteen distinct vocalization types (Figure, 

8, 9), and all but one was restricted to and diagnostic of a single previously recognized 
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subspecies or a broader monophyletic group (See Expanded Taxonomic Summary in 

Supplementary Appendix for details). The only exception was vocalization type 2 (Fig. 8), which 

was shared plesiomorphically across the Amazon basin between populations of pygmaea in the 

Huallaga Valley, discolor in the western Napo region of Ecuador and Peru, and separabilis in 

Para, Brazil, but not in the intervening southwestern Amazonian populations of microlopha. 

Unfortunately, available vocal sampling is very limited in the intervening regions along the south 

side of the Amazon Basin, which are populated by a nested series of genetically distinct lineages 

with successively closer relationships to southern Amazonian separabilis and cephaleucos from 

the Atlantic forest of Brazil. 

 Based on genetic variation, we also identified several additional well-supported clades for 

which we have limited vocal or plumage coloration data. For example, only one vocal record is 

known for the South Andean clade (Clade B), which is currently recognized as P. p. comata. 

This lineage is also composed of two well differentiated subclades: a northern clade (B1) from 

Cerro Azul in Loreto, and a southern clade (B2) from southern Huánuco (AMNH 820866, 

820952), Pasco, Junín, and Cusco. Since the type of comata is within the southern clade, further 

investigation is necessary to determine whether the Cerro Azul populations should be recognized 

as a distinct, new taxon. Our phylogenetic analysis also identified a distinct montane clade from 

the highlands between the Rio Huallaga and Rio Ucayali (Clade C2) which is closely related to 

populations from lowland forests of eastern Peru south of the Rio Marañón and east to Rio 

Purus, Brazil, currently recognized as P. p. microlopha. Although it is not certain that this 

montane clade represents a secondary expansion into the Andes, its phylogenetic distinction 

implies that it may also exhibit distinct plumage or vocal characters. 

 



106 

Taxonomy and Revised Classification 

Our analysis identifies a number of genetically well-differentiated and phenotypically 

diagnosable lineages and provides compelling new evidence for evaluating the species status of 

Pseudopipra. Although there are gaps in our sampling, we find that there are at least eight 

genetically well-differentiated, and phenotypically diagnosable lineages of Pseudopipra. There is 

more genetic variation than observed vocal variation implies, and more vocal variation beyond 

our geographic coverage of genetic samples (especially in northern Andes). Thus, our 

descriptions of cryptic diversity in Pseudopipra are almost certainly an underestimate, 

underscoring the need for continued reassessment of species limits and of diversity patterns in 

the Neotropics. Our analysis provides the first comprehensive opportunity to reevaluate species 

limits within Pseudopipra based on phylogenetic, population genetic, vocal, and plumage 

differentiation among populations and named subspecies (See the Expanded Taxonomic 

Summary in the Supplementary Appendix). Three of these species are polytypic (i.e. contain 

multiple subspecies). One of the species we recognize– P. microlopha – is paraphyletic with 

respect to another species, P. cephaleucos, because we recognize that speciation may not 

threaten the lineage identity of a paraphyletic group. 

This proposed classification is a conservative treatment that recognizes our limited 

genetic sampling of populations in the northern Andean clade from Ecuador and Colombia and 

our limited behavioral data. Three of these unsampled northern Andean subspecies– coracina, 

minima, and occulta–  have unique, and highly differentiated vocalization types, and diagnosable 

plumage differences. Our phylogenetic results for other lineages in the genus strongly suggest 

that each of these subspecies is a distinct evolutionary lineage deserving species status. The 

vocalization types of one other subspecies– bolivari–  is currently unknown, but it may also be 
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distinct species. Further research will be required to assess whether the unexpected vocal 

diversity among populations of unica  (types 11a and 11b) from the central Andes of Colombia 

indicates the existence of additional, undescribed taxa. Plumage and vocal data from other newly 

identified clades may support the recognition of additional species including populations from 

the highlands between Rio Huallaga and Rio Ucayali (Clade C2; Fig. 3), and the currently 

unnamed lineages from the southern Amazon Basin (Clades C3, C4, and C5). In conclusion, 

Pseudopipra may include 15-17 distinct species that have rapidly arisen in the last ~2.5 Ma, but 

further reclassification will require more vocal data and detailed analyses of plumage variation. 

 

Pseudopipra coracina (Sclater 1856)   Andean White-crowned Manakin   

Distribution: Subtropical Andes from Venezuela south to Esmeraldas, Ecuador and San Martín, 

Peru. 

Phylogenetic Position: Clade A1 

P. c. coracina (Sclater 1856) 

Distribution: Subtropical forests of the eastern slope of the Andes from western Venezuela 

to Morona-Santiago, Ecuador. 

Phylogenetic Position: (mtdna) Member of Clade A1 

Lek Vocal Type: 8 (errrwer). 

Call Vocal Type: unknown 

 

P. c. minima  (Chapman 1914)  

Distribution: Subtropical forests of western Cauca, Colombia south to Esmeraldas, 

Ecuador 
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Phylogenetic Position: (unsampled) Member of Clade A1 

Lek Vocal Type: 9 (reeee) 

Call Vocal Type: unknown 

 

P. c. bolivari (de Schauensee 1950)  

Distribution: Subtropical forests of southern Córdoba, Colombia. (Not Sampled) 

Phylogenetic Position: (unsampled) Member of Clade A1 

Lek Vocal Type: Unknown 

Call Vocal Type: unknown 

 

P. c. unica (de Schauensee 1945)  

Distribution: Subtropical forests of Magdalena Valley, Antioquia to Huila, Colombia.  

Phylogenetic Position: (unsampled) Member of Clade A1 

Lek Vocal Type: 11a (weer-dink) and 11b (shureeep) 

Call Vocal Type: unknown 

 

P. c. occulta (Zimmer 1936) 

Distribution: Eastern slope of the Andes from Zamora-Chinchipe, Ecuador (Freile 2014) 

south to San Martín, and Huánuco, Peru, west of the Rio Huallaga  

Phylogenetic Position: Member of Clade A1 (represented by  

Lek Vocal Type: 1 (trill-dink) and 10 (bree) 

Call Vocal Type: unknown 
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Pseudopipra anthracina (Ridgway 1906) Western White-crowned Manakin 

Distribution: Subtropical Costa Rica to Western Panama  

Phylogenetic Position: Clade A2 

Lek Vocal Type: 4 (jureeee)  

Call Vocal Type: unknown 

 

Pseudopipra comata (Berlepsch and Stolzmann 1894)     Junín White-crowned Manakin 

Distribution: Subtropical Andes of Peru from Cerro Azul, Loreto (east and south of the Rio 

Huallaga) to southern Huánuco Pasco, Junín, and northern Cusco.   

Phylogenetic Position: Clade B 

Lek Vocal Type: One record, statistically similar to type 1 (trill-dink) 

Call Vocal Type: unknown 

 

Pseudopipra pygmaea (Zimmer 1936)  Huallaga White-crowned Manakin 

Distribution: Tropical forest of lower Rio Huallaga Valley, Peru 

Phylogeneic Position: (mtDNA) Sister to Clade F 

Lek Vocal Type: 2 (deeeer) 

Call Vocal Type: 13 

 

Pseudopipra discolor (Zimmer 1936)   Napo White-crowned Manakin 

Distribution: Tropical forest in Napo, Ecuador and Loreto, Peru south to the Rio Marañón.    

Phylogenetic Position:  Clade E 

Lek Vocal Type: 2 (deeeer)  
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Call Vocal Type: 13 

 

Pseudopipra pipra (Linneaus 1758)  Northern White-crowned Manakin 

Distribution: Tropical forest of eastern Colombia, southern Venezuela, the Guianas, and Brazil 

north of the Amazon and west to the right (west) bank of the Rio Putumayo, Colombia.  

Phylogenetic Position: Clade D 

Lek Vocal Type: 3 (buzzzz) 

Call Vocal Type: 5 (zeee) 

 

Pseudopipra microlopha (Zimmer 1929)  Southern White-crowned Manakin 

Distribution: Tropical forest of eastern Peru south of the Rio Huallaga, Rio Marañón, and the 

Amazon River east to Pará, Brazil, and subtropical forests between the Rio Huallaga and Rio 

Ucayali. 

Phylogenetic Position:  Paraphyletic, including Clade C without Clade C7 

 

P. m.  undescribed subspecies 

Distribution: Subtropical forest from the highlands between Rio Huallaga and Rio Ucayali  

Phylogenetic Position:  Clade C2 

Lek Vocal Type: Unknown 

Call Vocal Type: 13 

 

P. m. microlopha (Zimmer 1929) 
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Distribution: Eastern Peru south of the Rio Marañón and Rio Huallaga, west to Rio Juruá 

and Rio Purus, Brazil. 

Phylogenetic Position:  Clade C1 excluding C2 

Lek Vocal Type: 7 (jeer) 

Call Vocal Type: 13 

 

P. m.  undescribed subspecies 

Distribution: Right (east) bank of the Rio Purus to the left (west) bank Rio Madeira  

Phylogenetic Position:  Clade C3 

Plumage: Not examined 

Lek Vocal Type: Unknown 

Call Vocal Type: 13 

 

P. m. undescribed subspecies 

Distribution: Right (east) bank of the Rio Madeira to the left (west) bank the Rio Tapajos. 

Phylogenetic Position:  Clade C4 

Plumage: Not examined 

Lek Vocal Type: Unknown 

Call Vocal Type: 13 

 

P. m. undescribed subspecies 

Distribution: Right (east) bank of the Rio Tapajos to the left (west) bank of the Rio Xingu  

Phylogenetic Position:  Clade C5 
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Plumage: Not examined 

Lek Vocal Type: 6b 

Call Vocal Type: 13 

 

P. m. separabilis (Zimmer 1936) 

Distribution: Tropical forest of Rio Xingu east to central and southern Pará. 

Phylogenetic Position:  Clade C6 

Lek Vocal Type: 2 

Call Vocal Type: 13 

Pseudopipra cephaleucos (Thunberg 1822) Atlantic White-crowned Manakin 

Distribution: Tropical forest from Bahia south to northern Rio de Janeiro, Brazil.   

Phylogenetic Position: Clade C7 

Lek Vocal Type: 6a (zeeeee-tonk) 

Call Vocal Type: 13 

 

Supplementary Material: Supplementary material, including data files and online-only 

appendices, can be found in the Dryad Digital Repository: 

http://dx.doi.org/10.5061/dryad.[NNNN], and GenBank XXX-XXX. 
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Figure 2.1. Neotropical areas of endemism and field sampling. Amazonian lowland areas of 

endemism as portrayed in Da Silva et al. (2005) are highlighted in shades of green, as well as the 

Jaú area of endemism (Borges and Da Silva 2012). Montane Andean, Central American, 

Guianan, and dry diagonal regions (>1000m) are emphasized in grey. As summarized in Da 

Silva et al. (2005), a sequence of authors identified seven areas of endemism for lowland birds 

that retained Wallace’s ‘Guyana’ (Wallace 1854), split ‘Ecuador’ into ‘Imeri’ and ‘Napo,’ 

renamed ‘Peru’ to ‘Inambari’, and split ‘Brazil’ into ‘Rondônia’, ‘Pará’, and ‘Belém’ (Haffer 

1978, Cracraft 1985, Haffer 1985, Cracraft and Prum 1988, Haffer 1992). ‘Pará’ was 

subsequently further partitioned into two regions, ‘Tapajós’ and ‘Xingu,’ (Da Silva et al. 2002). 

Recently, additional sub-partitions have been proposed for the ‘Napo’ (Jaú - Borges and Da Silva 

2012), and Guianan areas of endemism (Naka 2011). Plotted points indicate field sampling 

localities for 277 Pseudopipra individuals sequenced for genomic analysis in the present study. 
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Figure 2.2. Subspecies sampling. Our sampling of Pseudopipra pipra intersects with the ranges 

of ten named subspecies. In this figure we color code our sampling localities as they overlap with 

described subspecies ranges. Areas greater than 1000m in elevation are shown in light grey; 

major Amazonian rivers are indicated in light blue; political boundaries in light grey. Outlined in 

black: genus range map reflecting the BirdLife International approximation updated to reflect 

current knowledge (BirdLife International Species factsheet: Pseudopipra pipra, 2018, also see 

Supplemental Figure 1). Hypothetical subspecies ranges are based on descriptions in Kirwan and 

Green (2012) and indicate maximal potential ranges to highlight proposed barriers delimiting 

subspecies.  Circles indicate sampling for ddRADseq, X’s indicate sampling for mtDNA ND2. 

Our sampling encompasses the majority of the lowland extents of the recognized range of 

Pseudopipra, as well as key montane populations in Peru, Ecuador, and Central America. Ssp 

comata, anthracina, and occulta are exclusively montane. Inset top right is an illustration of the 

pipra subspecies, reproduced from the Handbook of the Birds of the World, Lynx Edicions.   
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Figure 2.3. Phylogenetic hypothesis for Pseudopipra. Phylogenetic analysis of short read 

ddRAD sequence haplotypes generated a well-resolved phylogenetic hypothesis which was 

largely congruent across datasets and analytical approaches. Montane clades, including a 

Northern Andean (A1) + Central American (A2) clade (A), and a central Peruvian clade (B), are 

recovered as nested sister groups to two wide ranging lowland clades (C and D), indicating that 

the lowland clades are descended from Andean lineages. Shown is the RAxML topology 

generated using the 50% haplotype dataset. Branch lengths are set to equal for graphical 

interpretability (see supplementary material for original newick formatted tree files). Colored 

circles at tips indicate group membership to one of eighteen population-areas (matching Figure 4 

and 5). Heatmaps printed at well-supported nodes indicate bootstrap scores from each of six 

phylogenetic analyses for 20/50/80% datasets, as indicated in the legend. Black dots indicate 

populations which are identified with 100% posterior probability in fineRADstructure analysis. 

Most of the major and substructure is recovered by both RAxML and SVDquartets (see text), 

though RAxML recovers additional low-support substructure in the Northern Amazonian + 

Guiana Shield clade (D) which is coincident with several geographic features (clades D1 and 

D2). A clade of introgressed western Napo individuals (E) is recovered by all standard 

phylogenetic analyses as sister to the northern Amazonian + Guiana shield clade (D). As the 

history of this clade is characterized by a complex introgression scenario between northern and 

southern lineages, a purely bifurcating tree model is inadequate to describe its relations with 

other groups (see text) (Figure 6). Also shown are the well supported phylogenetic positions of 

two distinct subspecies lineages (pygmaea and coracaina) from which we were able to obtain 

mtDNA (Supplemental Appendix). 
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Figure 2.4. Phylogeospace mapping of topological relations in geographic space. Here, an 

idealized topology is plotted with tips attached to sampling coordinates. The colors of circles at 

sample localities matches those in Figure 3 and 5, and are enclosed by minimum convex hulls 

(i.e., hypotheses of minimum clade ranges) of the same colors. All of these colored hulls 

represent distinct non-overlapping geographic areas delimited by physical barriers (though this is 

somewhat visually confounded in the Northern Amazon + Guiana Shield clade (D), with two 

weakly resolved lineages (e.g. pale yellow Jaú and green Guiana Shield population groups 

appear to have some overlap in this figure, but they are delimited by the Rio Negro). Clade D 

bipartitions are shown with dashed branches (top) to indicate low support for phylogenetic 

structure (Figure 3, results). The ancestral habit of the genus is inferred to be montane 

(Supplementary Appendix), with a single origin of lowland lineages (pp=100). Also shown at the 

tips are median admixture proportions across sampling localities as inferred with STRUCTURE 

(Figure 5 for full detail). 
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Figure 2.5. STRUCTURE output for K-5. STRUCTURE analysis of dataset 1, depicting 

population assignment and admixture estimates for K=5. The likelihood of each evaluated 

number of K clusters from 1:20 plateaued at K = 5, with the standard deviation across runs 

increasing rapidly after this point (Supplemental Figure 2). The five optimized clusters broadly 

correspond to wide biogeographic Neotropical regions which coincide with lowland areas of 

endemism, Central American, and Peruvian montane regions (Figure 4). Given these five 

clusters, each labeled focal region is inferred to have a unique combination of admixture 

proportions. The admixture cline inferred from the Xingu to the southern Atlantic Forest appears 

to be a product of isolation by distance (Supplementary Appendix), while the signature of 

introgression inferred for western Napo lineages appears to be a product of substantial historical 

introgression from a northern lineage (likely from the poorly resolved eastern Napo group D2), 

into a distinct Southern Amazonian lineage (see Figure 6 and discussion). The tree to the left 

corresponds to the RAxML result using the 50% haplotype dataset, with tip labels and colors 

indicating group membership to one of eighteen population-areas (matching those in Figures 3, 

4). See Supplementary Figure 3 for K2-10 results. 
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Figure 2.6. Introgressed lineage in the western Napo area of endemism. All of the available 

genomic evidence is consistent with the hypothesis that individuals in the western Napo area of 

endemism are derived from a distinct southern Amazonian lineage (S2a in Panel A) which is not 

represented in contemporary samples. This lineage (S2a) experienced substantial introgression 

from the ancestral populations of what are today eastern Napo and Jaú restricted linages. Panel A 

shows the phylogenetic network (in black) inferred by PhyloNet, with arrows indicating 

hypothetical degree and direction of historical introgression as implied by patterns of admixture. 

The red arrows along the PhyloNet reticulation indicate inferred introgression from the northern 

Amazonian lineages (clade C1 in Figure 3) into this southern Amazonian lineage (S2a). The 

smaller red arrows indicate potential limited backcrossing into northern lineages implied by 

patterns of admixture. The dashed red line connecting S2 to S1 indicates minimal implied 

introgression into Inambari lineages, which may have occurred after the primary introgression 

event, and brought northern (Clade D) alleles into SW Amazonian populations (see text and 

Figure 5). Panel B displays the individual level co-ancestry matrix for introgressed Napo 

individuals and their source/progenitor lineages; darker colors indicate greater co-ancestry. 

Introgressed (PH: putative hybrid) hybrids have greater co-ancestry with each of their progenitor 

lineages (S2a and Northern Amazon+Guiana shield (abbreviated GS)) than their progenitor 

lineages share with each other (PHvGS/progenitors = 1.078, PHvInambari/progenitors = 1.17, 

see text). In the proposed scenario, the southern progenitor lineage (S2a) is either unsampled or 

extinct and has not persisted sympatrically with S2. Thus, the western Inambari southern lineage 

(S1) comprises the closest living relatives to S2a (see discussion). Panel C summarizes co-

ancestry variance as projected into component space after normalizing; the introgressed lineage 

is intermediate along PC1 and differentiated along PC2. The level of differentiation on PC2 
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corresponds to about 10% of the total variation explained by PC1 and PC2 (~85%). Panel D 

summarizes the minimum implied geographic extents of the groups involved (as sampled in this 

study). G-PhoCS demographic parameter estimates are also indicated in panel D (m: migrants 

per generation, when lower 95% CI > 1, t: splitting time in generations (106), q: effective 

population size (106), Supplemental Table 5). In A-D, two subpopulations are indicated for each 

progenitor group, as outlined with outlined minimum convex hulls in D. 
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Figure 2.7. Estimated Effective migration surface (EEMS). The estimated migration surface 

links the topography and drainage system of the Neotropics to spatial patterns of genetic 

diversity. Shown are results estimated from a model with 2000 demes (vertices). EEMS uses an 

MCMC approach to estimate expected genetic dissimilarity between all pairs of individuals, 

integrating over all possible migration histories across the grid, and adjusting migration rates 

among graph edges to match the genetic differences in the data. Bluer colors indicating areas 

where gene flow is more likely to be able to occur (i.e., isolation by distance is predicted), and 

browner colors indicate areas where barriers to gene flow are highly probable. In this analysis, 

the Andes and the Amazon River are the most clearly inferred barriers to gene flow. Major 

rivers, as well as a >1000m contour (light grey) are overlaid to aid interpretation. EEMS does a 

very good job of explaining spatial variance in this dataset (R2 = 0.871, Supplementary figure 10, 

11). There are areas where it performs poorly however, particularly in the western Amazon, 

where the inference of a major barrier to gene flow (the Andes) is inferred a few degrees too far 

east, pushing other western patterns eastwards. This is likely a consequence of uneven genetic 

sampling in this area. Remarkably, EEMS almost perfectly infers the spatial extents of the 

lowland Amazonian range (range map outlined in black), despite very limited genetic sampling 

toward the edge of the range. EEMS also correctly detects an isolated region of corresponding to 

the introgressed western Napo hybrid lineage. Also noted are likely geographic barriers that 

correspond to estimated barrier localities. 
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Figure 2.8. Summary of lek vocalization phenotypes. Our analysis identified 12 qualitatively 

distinct lek vocalization types that can be easily diagnosed by ear, or by visual inspection of 

sonograms (arbitrarily labeled numerically). See Supplemental Figure 13 for vocalization 

measures. The inset map indicates the minimum implied ranges for each identified vocalization 

type, with colors and plotting symbols matching those in PCA plots (Supplemental Figures 14, 

15). The thicker pale blue dashed line indicates where the ‘southern Amazon’ vocalization type 2 

may be shared pleisiomorphically, a pattern implied by one recording from Pará, eastern Brazil, 

which unambiguously clusters with other recordings from the western Napo area of endemism. 

Vocalization type 2 may therefore occur in other unsampled areas of the southern Amazon. 

Several vocalization types appear to be unique to a single monophyletic lineage based on 

overlapping geographic ranges. Vocalization type 4 coincides with the Central American lineage 

(Clade A2), type 3 with the Northern Amazon + Guiana Shield clade (Clade D) excluding 

eastern Napo, Jaú), type 7 with the Western Inamabri lineage (Clade C1), type 1 and 10 with the 

South Andean Peru clades (Clade B). In our initial assessment, we identified vocalization type 6, 

which has a geographic range which coincides with both the southern Tapajós clade and the 

Atlantic Forest clade. However, upon closer consideration, we found a subtle difference between 

the Atlantic Forest (6a) and Tapajós (6b) regions. Type 6a recordings, which are restricted to the 

Atlantic Forest, have a relatively constant pitch for both the buzz and tonal notes, whereas the 

type 6b recordings, which are restricted to the Tapajós regions, have a descending pitch for both 

notes. The sharing of a similar vocal phenotype (6a and 6b) clearly links the Atlantic forest 

populations to the Southern Amazon, in congruence with our genetic data (Clade C7), even 

though these southern Tapajós individuals have a genetic affinity to other more northern Tapajós 

individuals. Lastly, we identified several lek vocalization types with restricted, non-overlapping 
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geographic ranges in regions for which we lack genetic samples. Vocal type 8 was restricted to 

Subtropical forests of the eastern slope of the Andes from western Venezuela to Morona-

Santiago, Ecuador. Vocal type 9 was restricted to Subtropical forests of western Cauca, 

Colombia south to Esmeraldas, Ecuador. Lastly, vocal types 11a and 11b were restricted to 

Subtropical forests of Magdalena Valley, Antioquia to Huila, Colombia. It is likely they fall 

within the range of variation delimited by the Central America + North Andean Peru clade. 
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Figure 2.9. Summary of call vocalization phenotypes. Our analysis identified 2 distinct but 

similar call vocalization types that can be diagnosed by ear, or by visual inspection of 

sonograms. See Supplemental Figure 13 for vocalization measures. The inset map indicates the 

minimum implied ranges for each identified call vocalization type, with colors and plotting 

symbols matching those in the PCA plot (Supplemental Figures 14, 15). Vocalization type 5 was 

primarily recorded in the northern Amazon basin, coinciding with the broad ranging Northern 

Amazon + Guiana Shield lineage (Clade D). From our initial unbiased classification, one 

recording from the Atlantic Forest (XC427315) was assigned to type 5, and is denoted here with 

a triangle symbol, suggesting type 5 may be shared between the Guiana Shield clade and the 

Atlantic Forest clade. Call vocalization type 13 was entirely restricted to but shared across 

diverse lowland southern Amazonian forms (Clade C). 
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Although reconstruction of the phylogeny of living birds has progressed tremendously in 

the last decade, the evolutionary history of Neoaves—a clade that encompasses nearly all 

living bird species— remains the greatest unresolved challenge in dinosaur systematics. 

Here we investigate avian phylogeny with an unprecedented scale of data > 390,000 bases 

of genomic sequence data from each of 198 species of living birds, representing all major 

avian lineages, and two crocodilian outgroups. Sequence data were collected using 

anchored hybrid enrichment, yielding 259 nuclear loci with an average length of 1,523 

bases for a total data set of over 7.8 x 107 bases. Bayesian and maximum likelihood analyses 

yielded highly supported and nearly identical phylogenetic trees for all major avian 

lineages. Five major clades form successive sister groups to the rest of Neoaves: (1) a clade 

including nightjars, other caprimulgiforms, swifts, and hummingbirds; (2) a clade uniting 

cuckoos, bustards, and turacos with pigeons, mesites, and sandgrouse; (3) cranes and their 

relatives; (4) a comprehensive waterbird clade, including all diving, wading, and 

shorebirds; and (5) a comprehensive landbird clade with the enigmatic hoatzin 

(Opisthocomus hoazin) as the sister group to the rest. Neither of the two main, recently 

proposed Neoavian clades—Columbea and Passerea1— were supported as monophyletic. 

The results of our divergence time analyses are congruent with the palaeontological record, 

supporting a major radiation of crown birds in the wake of the Cretaceous–Palaeogene (K–

Pg) mass extinction.
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Birds (Aves) are the most diverse lineage of extant tetrapod vertebrates. They comprise 

over 10,000 living species2, and exhibit an extra- ordinary diversity in morphology, ecology, and 

behaviour3. Substantial progress has been made in resolving the phylogenetic history of birds. 

Phylogenetic analyses of both molecular and morphological data support the monophyletic 

Palaeognathae (the tinamous and flightless ratites) and Galloanserae (gamebirds and waterfowl) 

as successive, monophyletic sister groups to the Neoaves—a diverse clade including all other 

living birds4. Resolving neoavian phylogeny has proven to be a difficult challenge because this 

radiation was very rapid and deep in time, resulting in very short internodes4. 

In the last decade, phylogenetic analyses of large, multilocus data sets have resulted in the 

proposal of numerous, novel neoavian relationships. For example, a clade consisting of diving 

and wading birds has been consistently recovered, as well as a large landbird clade in which 

falcons and parrots are successive sister groups to the perching birds4-8. Recently, phylogenetic 

analyses of 48 whole avian genomes resulted in the proposal of a novel phylogenetic resolution of 

the initial branching sequence within Neoaves1. Although this genomic study provided much 

needed corroboration of many neoavian clades, the limited taxon sampling precluded further 

insights into the evolutionary history of birds. 

It has long been recognized that phylogenetic confidence depends not only on the 

number of characters analysed and their rate of evolution, but also on the number and 

relationships of the taxa sampled relative to the nodes of interest9-11. Theory predicts that 

sampling a single taxon that diverges close to a node of interest will have a far greater effect 

on phylogenetic resolution than will adding more characters11. Despite using an alignment of 

>40 million base pairs, sparse sampling of 48 species in the recent avian genomic analysis may 

not have been sufficient to confidently resolve the deep divergences among major lineages of 
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Neoaves. Thus,  expanded taxon sampling is required to test the monophyly of neoavian 

clades, and to further resolve the phylogenetic relationships within Neoaves. 

Here, we present a phylogenetic analysis of 198 bird species and 2 crocodilians (Supplementary 

Table 1) based on loci captured using anchored enrichment12. Our sample includes species of 

122 avian families in all 40 extant avian orders2, with denser representation of non-oscine birds 

(108 families) than of oscine songbirds (14 families). Effort was made to include taxa that would 

break up long phylogenetic branches, and provide the highest likelihood of resolving short 

internodes at the base of Neoaves11. We also sampled multiple species within groups whose 

monophyly or phylogenetic interrelationships have been controversial—that is, tinamous, 

nightjars, hummingbirds, turacos, cuckoos, pigeons, sandgrouse, mesites, rails, storm petrels, 

petrels, storks, herons, hawks, hornbills, mousebirds, trogons, king- fishers, barbets, seriemas, 

falcons, parrots, and suboscine passerines. 

We targeted 394 loci centred on conserved anchor regions of the genome that are 

flanked by more variable regions12. We performed all phylogenetic analyses on a data set of 

259 genes with the highest quality assemblies. The average locus was 1,524 bases in length 

(361–2,316 base pairs (bp)), and the total percentage of missing data was 1.84%. The 

concatenated alignment contained 394,684 sites. To minimize overall model complexity 

while accurately accounting for substitution processes, we performed a partition model 

sensitivity analysis with PartitionFinder13,14, and compared a complex partition model (one 

partition per locus) to a heuristically optimized (rclust) partition model. Phylogenetic 

informativeness (PI) approaches15,16 provided strong evidence that the phylogenetic utility of 

our data set was high, with low declines in PI profiles for individual loci, data set partitions, 

and the concatenated matrix (Supplementary Fig. 4). We estimated concatenated trees in 

ExaBayes17 and RAxML18 using a 75 partition model. Coalescent species trees were estimated 
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with the gene tree summation methods in STAR19, NJst20, and ASTRAL21 from gene trees 

estimated with RAxML (see Methods.). 

Our concatenated Bayesian analyses resulted in a completely resolved, well 

supported phylogeny. All clades had a posterior probability (PP) of 1, except for a single 

clade including shoebill (Balaeniceps) and pelican (PP = 0.54) (Fig. 1). The concatenated 

maximum likelihood analysis recovered a single topology that was identical to the Bayesian tree 

except for three clades, all of which are far from the base of Neoaves: the relationships among 

pigeons; among skimmers, gulls, and terns; and among pelicans, shoebill, and waders 

(Supplementary Fig. 1). Almost all clades in the maximum likelihood tree were maximally 

supported with bootstrap scores (BS) of 1.00, but nine clades within Neoaves (including four 

of the most inclusive neoavian clades) received support < 0.70  (Supplementary  Fig.  1). 

Coalescent species tree analyses produced substantially different hypotheses for neoavian 

relationships (Supplementary Fig. 3), but most of the discordant clades received 

conspicuously lower bootstrap support values (0.07 < BS < 0.30). Quantifying the 

phylogenetic informativeness of individual loci15, 16 revealed that these low support values 

were not due to homoplasy driven by saturation of nucleotide states, but rather by the low 

power of individual loci to resolve the entire range of internode lengths across the depth of 

the tree (Supplementary Figs 4 and 5; see Methods). This result was not unexpected. The low 

phylogenetic information content of individual genes at deep timescales has been 

demonstrated to impede phylogenetic resolution in a coalescent species tree framework22,23. 

Furthermore, when clades with > 0.75 bootstrap support values in the species trees are 

collapsed, the resulting topology is exactly congruent with the concatenated Bayesian tree 

(except for the relationships of tinamous among palaeognaths; Supplementary Fig. 3). 

Although coalescent species trees account for incomplete lineage sorting, simulations show that 
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species tree methods based on gene tree summation may not provide significantly better 

performance over concatenation methods22. 

Our phylogeny identifies many new clades, and supports many phylogenetic relationships 

proposed in previous studies (see detailed phylogenetic discussion in the Supplementary 

Information). Congruent with all recent studies, the phylogeny places palaeognaths as the sister 

group to the rest of birds, and the flying tinamous (Tinamidae) within the flightless ratites. This 

tree, however, places tinamous as the sister group to cassowary and emu alone (Fig. 1, grey). The 

phylogeny of Galloanserae is exactly congruent with previous studies4 (Fig. 1, red). 

Within the monophyletic Neoaves, we recover five major clades, each of which is the successive 

sister group to the remaining clades in the series (Fig. 1). The Strisores includes the nightjars and 

their nocturnal relatives with the diurnal swifts and hummingbirds (Fig. 1, brown). Four 

nocturnal lineages—nightjars, a neotropical oilbird- potoo clade, frogmouths, and owlet-

nightjars—form successive sister groups to the diurnal swift and hummingbird clade. 

The Columbaves is a novel clade that consists of two monophyletic groups recently 

identified by Jarvis et al.1 (Fig. 1, purple). A clade consisting of turacos, bustards, and cuckoos 

(Otidimorphae) is sister to a clade consisting of pigeons as the sister group to sandgrouse and 

mesites (Columbimorphae). The third neoavian clade consists of a well recognized monophyletic 

group of core gruiform birds (Gruiformes; Fig. 1, yellow), with interrelationships that are 

consistent with previous phylogenies4. The Aequorlitornithes is a novel, comprehensive clade of 

waterbirds, including all shorebirds, diving birds, and wading birds (Fig. 1, blue). Within this 

group, the flamingos and grebes1, 4-6 are the sister group to shorebirds, and the sunbittern and 

tropicbirds1,4,6 are the sister group to the wading and diving birds (Fig. 1, blue). Other 

interrelationships within these groups are extensively congruent with the results in ref. 4 and 

the work of others (see Supplementary Information). 
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The fifth major neoavian clade, which we name Inopinaves, is a very diverse landbird clade 

with the same composition as previously recognized (Telluraves) 1,4-6 but with the enigmatic, 

neotropical hoatzin (Opisthocomus hoazin) as the sister group to all other landbirds (Fig. 1, green). 

The phylogeny of the landbirds shares many points of congruence with earlier hypotheses, including 

the relationships of seriemas, falcons, parrots, and perching birds1, 4-6 and the interrelationships 

among oscine songbirds24. However, we find that hawks (Accipitriformes) are the sister group to a 

new clade including the rest of the landbirds, to be called Eutelluraves (see Supplementary 

Information). 

Our divergence time analyses employed 19 phylogenetically and geologically well-

constrained fossil calibrations (following recently proposed best practices25), documenting many 

deep divergences within the avian crown group (Fig. 1, grey nodes; see Supplementary 

Information). Our analysis supports an extremely rapid radiation of the avian crown group in the 

wake of the K–Pg mass extinction event (Fig. 1, Supplementary Figs. 6 and 7). Although the 

post-K–Pg radiation hypothesis has long been strongly supported by the avian fossil record26,27, 

it has so far received little support from molecular divergence time analyses4,28. The tempo 

and mode of the extant avian radiation remains contentious. For example, an alternative 

calibration analysis including the fossil Vegavis did not support significantly different dates 

of divergence outside of the Galloanserae (see Supplementary Information and Supplementary 

Figs 10–12). Confident determination of the age of crown Aves will have to await discoveries 

of Mesozoic stem neognaths and palaeognaths, and detailed assessments of the influence of 

soft maximum bound parameterization on the age of the deepest avian divergences. 

Our results indicate that the recent genome phylogeny1 may contain some erroneous 

relationships induced by long branch attraction from sparse taxon sampling. Maximum 

likelihood analysis of our sequence data pruned down to a phylogenetically equivalent 
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subsample of 48 species produces relationships along the neoavian ‘backbone’ (Supplementary 

Fig. 8) that are entirely discordant with the phylogeny based on our full data set (Fig. 1). This 

reduced taxon analysis recovers some of the specific features of the recent genome phylogeny by 

Jarvis et al.1 (Supplementary Fig. 8): for example, the placement of the pigeons, mesites, and 

sandgrouse (a subclade of Columbea1) outside of the rest of the Neoaves. Differences in tree 

topology when taxa are excluded are to be expected if early internodes in Neoaves are very short. 

Adding taxa that have diverged near nodes of interest has been theoretically demonstrated to 

constrain the possible historical substitution patterns,  and increase the accuracy of phylogenetic 

inference11. By increasing our taxon sampling to include all major avian lineages, we have 

minimized the possibility that additional taxon sampling alone will alter the relationships in our 

tree. 

Jarvis et al.1 also identified a well supported clade consisting of the hoatzin 

(Opisthocomus) as the sister group to a crane (Grus) and a plover (Charadrius) (total evidence 

nucleotide tree, BS = 0.91, 0.96, respectively). However, Grus and Charadrius were the only 

species sampled from two very diverse neoavian orders: Gruiformes, 185 species; and 

Charadriiformes, 385 species2. Our results indicate that Opisthocomus is the  most  ancient  bird  

lineage  (~64 million  years) consisting of only a single, extant species. Thus, the three taxa 

placed in this assemblage by Jarvis et al.1 comprise three of the most ancient, and undersampled 

lineages within all birds, indicating the strong possibility of long branch attraction artefacts. By 

contrast, these same groups are represented by 26 species in our analysis, and they do not form 

an exclusive clade (Fig. 1). 

In addition to providing a new backbone for comprehensive avian supertrees and 

comparative evolutionary analyses28, this new avian phylogeny supports many interesting 

hypotheses about avian evolution. This phylogeny upholds the hypothesis that the ancestor of 
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the diurnal swifts and hummingbirds evolved from a clade that had been predominantly 

nocturnal for ~10 million years. Although hummingbirds have acute near-ultraviolet vision29, 

the effect of extended ancestral nocturnality on the evolution of the visual system in this group 

of birds is unknown. Our findings also support the emerging pattern that landbirds evolved 

from a raptorial grade1. The sister group relationships of hawks to the rest of the landbirds, 

of owls to the diverse coraciimorph clade, and of seriemas and falcons to the parrots and 

passerines indicate the persistence of a raptorial ecology among ancestral landbirds.  Lastly,  the 

identification of a new, broadly comprehensive waterbird–shorebird clade indicates a striking, 

and previously unappreciated, level of evolutionary constraint on the ecological diversification 

of birds that will be exciting to investigate in the future. 
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METHODS 

Locus selection and probe design. Anchor loci described in ref. 12 were extended such that 

each contained approximately 1,350 bp. In some cases neighbouring loci were joined to form a 

single locus. Also, loci that performed poorly in ref. 12 were removed from the locus set. This 

process produced 394 loci (referred to as the version 2 vertebrate loci). Genome coordinates 

corresponding to these regions in the Gallus gallus genome (galGal3, UCSC genome browser) 

were identified and sequences corresponding to this region were extracted (coordinates are 

available in the Zenodo archive (http://dx.doi.org/10.5281/zenodo.28343)). In order to improve 

the capture efficiency for passerines, we also obtained homologous sequences for Taeniopygia 

guttata. After aligning the Gallus and Taeniopygia sequences using MAFFT31, alignments were 

trimmed to produce the final probe region alignments (alignments available in the Zenodo 

archive), and probes were tiled at approximately 1.5 X tiling density (probe specification will be 

made avail- able upon publication). 

Data collection. Data were collected following the general methods of ref. 12 through the Center 

for Anchored Phylogenomics at Florida State University (http://www.anchoredphylogeny.com). 

Briefly, each genomic DNA sample was sonicated to a fragment size of ~150–350bp using a 

Covaris E220 focused- ultrasonicator with Covaris microTUBES. Subsequently, library 

preparation and indexing were performed on a Beckman-Coulter Biomek FXp liquid-handling 

robot following a protocol modified from ref. 32. One important modification is a size-selection 

step after blunt-end repair using SPRIselect beads (Beckman- Coulter; 0.9 X ratio of bead to 

sample volume). Indexed samples were then pooled at equal quantities (typically 12–16 samples 

per pool), and enrichments were performed on each multi-sample pool using an Agilent Custom 
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SureSelect kit (Agilent Technologies), designed as specified above. After enrichment, the 12 

enrichment pools were pooled in groups of three in equal quantities for sequencing on four 

PE150 Illumina HiSeq2000 lanes (three enrichment pools per lane). Sequencing was performed 

in the Translational Science Laboratory in the College of Medicine at Florida State University. 

Data processing. Paired-read merging (Merge.java). Typically, between 50% and 75% of 

sequenced library fragments had an insert size between 150 bp and 300 bp. As 150 bp paired-end 

sequencing was performed, this means that the majority of the paired reads overlap and thus 

should be merged before assembly. The overlapping reads were identified and merged following 

the methods of ref. 33. In short, for each degree of overlap for each read we computed the 

probability of obtaining the observed number of matches by chance, and selected degree of 

overlap that produced the lowest probability, with a P value less than 10-10 required to merge 

reads. When reads are merged, mismatches are reconciled using base-specific quality scores, 

which were combined to form the new quality scores for the merged read (see ref. 33 for details). 

Reads failing to meet the probability criterion were kept separate but still used in the assembly. 

The merging process produces three files: one containing merged reads and two containing the 

unmerged reads. 

Assembly (Assembler.java). The reads were assembled into contigs using an assembler that 

makes use of both a divergent reference assembly approach to map reads to the probe regions 

and a de novo assembly approach to extend the assembly into the flanks. The reference 

assembler uses a library of spaced 20-mers derived from the conserved sites of the alignments 

used during probe design. A preliminary match was called if at least 17 of 20 matches exist 

between a spaced kmer and the corresponding positions in a read. Reads obtaining a preliminary 
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match were then compared to an appropriate reference sequence used for probe design to 

determine the maximum number of matches out of 100 consecutive bases (all possible gap-free 

alignments between the read and the reference ware considered). The read was considered 

mapped to the given locus if at least 55 matches were found. Once a read is mapped, an 

approximate alignment position was estimated using the position of the spaced 20-mer, and all 

60-mers existing in the read were stored in a hash table used by the de novo assembler. The de 

novo assembler identifies exact matches between a read and one of the 60- mers found in the 

hash table. Simultaneously using the two levels of assembly described above, the three read files 

were traversed repeatedly until an entire pass through the reads produced no additional mapped 

reads. 

For each locus, mapped reads were then clustered into clusters using 60-mer pairs 

observed in the reads mapped to that locus. In short, a list of all 60-mers found in the mapped 

reads was compiled, and the 60-mers were clustered if found together in at least two reads. The 

60-mer clusters were then used to separate the reads into clusters for contig estimation. Relative 

alignment positions of reads within each cluster were then refined in order to increase the 

agreement across the reads. Up to one gap was also inserted per read if needed to improve the 

alignment. Note that given sufficient coverage and an absence of contamination, each single-

copy locus should produce a single assembly cluster. Low coverage (leading to a break in the 

assembly), contamination, and gene duplication, can all lead to an increased number of assembly 

clusters. A whole-genome duplication, for example, would increase the number of clusters to two 

per locus. 
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Consensus bases were called from assembly clusters as follows. For each site an 

unambiguous base was called if the bases present were identical or if the poly- morphism of that 

site could be explained as sequencing error, assuming a binomial probability model with the 

probability of error equal to 0.1 and alpha equal to 0.05. If the polymorphism could not be 

explained as sequencing error, the ambiguous base was called that corresponded to all of the 

observed bases at that site (for example, ‘R’ was used if ‘A’ and ‘G’ were observed). Called 

bases were soft-masked (made lowercase) for sites with coverage lower than five. A summary of 

the assembly results is presented in a spreadsheet in the electronic data archive (http:// 

dx.doi.org/10.5281/zenodo.28343; Prum_AssemblySummary_Summary.xlsx). 

Contamination filtering (IdentifyGoodSeqsViaReadsMapped.r, GatherALL 

ConSeqsWithOKCoverage.java). In order to filter out possible low-level contami- nants, 

consensus sequences derived from very low coverage assembly clusters (,10reads) were removed 

from further analysis. After filtering, consensus sequences were grouped by locus (across 

individuals) in order to produce sets of homologues. 

Orthology (GetPairwiseDistanceMeasures.java, plotMDS5.r). Orthology was then determined 

for each locus as follows. First, a pairwise distance measure was computed for pairs of 

homologues. To compute the pairwise distance between two sequences, we computed the percent 

of 20-mers observed in the two sequences that were found in both sequences. Note that the list of 

20-mers was constructed from consecutive 20-mers as well as spaced 20-mers (every third base), 

in order to allow increased levels of sequence divergence. Using the distance matrix, we 

clustered the sequences using a neighbour-joining algorithm, but allowing at most one sequence 
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per species to be in a given cluster. Clusters containing fewer than 50% of the species were 

removed from downstream processing.  

Alignment (MAFFT). Sequences in each orthologous set were aligned using MAFFT v7.023b31 

with “–genafpair” and “–maxiterate 1000” flags. 

Alignment Trimming (TrimAndMaskRawAlignments3). The alignment for each locus was then 

trimmed/masked using the following procedure. First, each alignment site was identified as 

‘good’ if the most common character observed was present in >40% of the sequences. Second, 

20 bp regions of each sequence that contained <10 good sites were masked. Third, sites with 

fewer than 12 unmasked bases were removed from the alignment. Lastly, entire loci were 

removed if both outgroups or more than 40 taxa were missing. This filter yielded 259 trimmed 

loci containing fewer than 2.5% missing characters overall. 

Model selection and phylogenetic inference. To minimize the overall model complexity while 

accurately accounting for substitution processes, we performed a partition-model sensitivity 

analysis with the development version of PartitionFinder v2.0 (ref. 13), sensu14, and compared a 

complex partition-model (one partition per gene) to a heuristically optimized (relaxed clustering 

with the RAxML option for accelerated model selection) partition-model using BIC. Based on a 

candidate pool of potential partitioning strategies that spanned a single partition for the entire 

data set to a model allowing each locus to represent a unique partition, the latter approach 

suggested that 75 partitions of our data set represented the best-fitting partitioning scheme, which 

reduced the number of necessary model parameters by 71%, and hugely decreased computation 

time. 
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We analysed each individual locus in RAxML v8.0.20 (ref. 18), and then the 

concatenated alignment, using the two partitioning strategies identified above with both 

maximum likelihood and Bayesian based approaches in RAxML v8.0.20, and ExaBayes v1.4.2 9 

(ref. 34). For each RAxML analysis, we executed 100 rapid bootstrap inferences and thereafter a 

thorough ML search using a GTRG4 model of nucleotide substitution for each data set partition. 

Although this may potentially over-parameterize a partition with respect to substitution model, 

the influence of this form of model over-parameterization has been found to be negligible in 

phylogenetic inference35. For the Bayesian analyses, we ran four Metropolis-coupled ExaBayes 

replicates for 10 million generations, each with three heated chains, and sampling every 1,000 

generations (default tuning and branch swap parameters; branch lengths among partitions were 

linked). Convergence and proper sampling of the posterior distribution of parameter values were 

assessed by checking that the effective sample sizes of all estimated parameters and branch 

lengths were greater than 200 in the Tracer v1.6 software36 (most were greater than 1,000), and 

by using the ‘sdsf’ and ‘postProcParam’ tools included with the ExaBayes package to ensure the 

average standard deviation of split frequencies and potential scale reduction factors across runs 

were close to zero and one, respectively. Finally, to check for convergence in topology and clade 

posterior probabilities, we summarized a greedily refined majority-rule consensus tree (default) 

from 10,000 post burn-in trees using the ExaBayes ‘consense’ tool for each run independently 

and then together. Analyses of the reduced data set referenced in the main text were conducted 

using the same partition-model as the full data set. 

To explore variation in gene tree topology and to look for outliers that might influence 

combined analysis, we calculated pairwise Robinson-Foulds37 (RF) and Matching Splits (MS) 

tree distances implemented in TreeCmp38. We then visualized histograms of tree distances and 
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multidimensional scaling plots in R, and estimated neighbour-joining ‘trees-of-trees’ in the 

Phangorn R package sensu lato39,40. Using RF and MS distances, outlier loci were identified as 

those that occurred in the top 10% of pairwise distances for >30 comparisons to other loci 

(~10%) in the data set. We also identified putative outlier loci using the kdetrees.complete 

function of the kdetrees R package41. All three methods identified 13 of the same loci as 

potential outliers; however removal of these loci from the analysis had no effect on estimating 

topology or branch lengths. 

Coalescent species tree analyses. Although fully parametric estimation (for example, *BEAST, 

see ref. 42) of a coalescent species tree with hundreds of genes and hundreds of taxa is not 

currently possible, we estimated species trees using three gene-tree summation methods that 

have been shown to be statistically consistent under the multispecies coalescent model43. First, 

we used the STRAW web server44 to estimate bootstrapped species trees using the STAR19 and 

NJ-ST20 algorithms (also available through STRAW). The popular MP- EST45 method cannot 

currently work for more than ~50 taxa. STAR takes rooted gene trees and uses the average ranks 

of coalescence times19 to build a distance matrix from which a species tree is computed with the 

neighbour-joining method46. By contrast, NJst applies the neighbour-joining method to a 

distance matrix computed from average gene-tree internode distances, and relaxes the 

requirement for input gene trees to be rooted20. 

We also summarized a species tree with the ASTRAL 4.7.6 algorithm. With simulated 

data, ASTRAL has been shown to outperform concatenation or other summary methods under 

certain amounts of incomplete lineage sorting21. For very large numbers of taxa and genes, 

ASTRAL uses a heuristic search to find the species tree that agrees with the largest number of 
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quartet trees induced by the set of input gene trees. For analysis with ASTRAL, we also 

attempted to increase the resolution of individual gene trees (Supplementary Fig. 2) by 

generating supergene alignments using the weighted statistical binning pipeline of refs 47, 48 

with a bootstrap score of 0.75 as a bin threshold. 

STAR, NJst (not shown), and the binned ASTRAL (Supplementary Fig. 3) analysis 

produced virtually identical inferences when low support branches (<0.75) were collapsed, and 

differed only with respect to the resolution of a few branches. NJst resolved the Passeroidea 

(Fringilla plus Spizella) as the sister group to a paraphyletic sample of Sylvioidea (Calandrella, 

Pycnonotus, and Sylvia), while STAR does not resolve this branch. Comparing STAR/NJst to 

ASTRAL, we find five additional differences: (1) within tinamous, STAR/NJst resolves 

Crypturellus as sister to the rest of the tinamous, whereas ASTRAL resolves Crypturellus as 

sister to Tinamus (similar to ExaBayes/RAxML); (2) STAR/NJst resolves pigeons as sister to a 

clade containing Mesitornithiformes and Pteroclidiformes, while ASTRAL does not resolve 

these relationships; (3), STAR/NJst fails to resolve Oxyruncus and Myiobius as sister genera, 

while ASTRAL does (similar to RAxML/ExaBayes); (4), in STAR/NJst, bee-eaters (Merops) are 

resolved as the sister group to coraciiforms (congruent with ref. 4), while ASTRAL resolves bee-

eaters as sister to the rollers (Coracias) (similar to RAxML/ExaBayes); (5) lastly, in STAR/NJst, 

buttonquail (Turnix) is resolved as sister to the most inclusive clade of Charadriiformes not 

including Burhinus, Charadrius, Haematopus, and Recurvirostra, while in ASTRAL, buttonquail 

is resolved as sister to a clade containing Glareola, Uria, Rynchops, Sterna, and Chroicocephalus 

(similar to RAxML/ExaBayes). 
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Although lower level relationships detected with concatenation are generally 

recapitulated in the species trees, few of the higher level, or interordinal, relationships are 

resolved. This lack of resolution of the gene-tree species-tree based inferences relative to the 

inferences based on concatenation are not surprising, as it is increasingly recognized that the 

phylogenetic information content required to resolve the gene-tree histories of individual loci 

becomes scant at deep timescales47. Despite our extensive taxon sampling and the slow rate of 

nucleotide substitution that characterizes loci captured using anchored enrichment12, no single 

locus was able to fully resolve a topology, and this lack of information will challenge the 

accuracy of any coalescent-based summary approach relative to concatenation49-54. Finally, all 

summation methods tested here assume a priori that the only source of discordance among gene 

trees is deep coalescence, and violations of this assumption may introduce systematic error in 

phylogeny estimation54. 

Phylogenetic informativeness. Site-specific evolutionary rates, λi..j, were calculated for 

each locus using the program HyPhy55 in the PhyDesign web interface56 in conjunction with a 

guide chronogram generated by a nonparametric rate smoothing algorithm57 applied to our 

concatenated RAxML tree. Using these rates to predict whether an alignment will yield correct, 

incorrect, or no resolution of a given node, we quantified the probability of phylogenetically 

informative changes (ψ)16 contributing to the resolution of the earliest divergences in Neoaves. 

Estimates generated under a three character state model58 reveal that the majority of loci have a 

strong probability of ψ, and suggest a high potential for most loci and partitions containing 

multiple loci (assigned by PartitionFinder) to correctly resolve this internode. The potential for 

resolution as a consequence of phylogenetic signal is therefore high relative to the potential for 
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saturation and misleading inference induced by stochastic changes along the subtending lineages 

(Supplementary Fig. 4a). 

To assess the information content of the loci across the entire topology, we profiled their 

phylogenetic informativeness (PI)15, (Supplementary Fig. 4b). There was considerable variation 

in PI across loci (Supplementary Fig. 4). In all cases, the loci with the lowest values of ψ are 

categorized by substantially lower (60–90%) values of PI, rather than sharp declines in their PI 

profiles. The absence of a sharp decline in the PI profile suggests that a lack of phylogenetic 

information, rather than rapid increases in homoplasious sites, underlie low values of the 

probability of signaly59. 

Because declines in PI can be attributed to increases in homoplasious site patterns59, we 

further assessed the phylogenetic utility of data set partitions by quantifying the ratio of PI at the 

most recent common ancestor of Neoaves to the PI at the most recent common ancestor of Aves 

(Supplementary Fig. 4c). Values of this ratio that are less than 1 correspond to a rise in PI 

towards the root. Values close to 1 correspond to fairly uniform PI. Values greater than 1 

correspond to a decline in PI towards the root. Sixty-six out of 75 partitions demonstrated less 

than a 50% percent decline in PI, and only six partitions demonstrated a decline of PI greater 

than 75% (Supplementary Fig. 4c). As all but a few nodes in this study represent divergences 

younger than the crown of Neoaves, these ratios of PI suggest that the predicted impact of 

homoplasy on our topological inferences should be minimal. 

As PI profiles do not directly predict the impact of homoplasious site patterns on 

topological resolution16,60, we evaluated probabilities of ψ for focal nodes using both the 

concatenated data set as well as individual loci that span the variance in locus lengths. 
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Concordant with expectations from the PI profiles, all quantifications strongly support the 

prediction that homoplasy will have a minimal impact on topological resolution for the 

concatenated data set across a range of tree depths and internode distances (ψ  = 1.0 for all 

nodes), while individual loci vary in their predicted utility (Supplementary Fig. 4d). As the guide 

tree does not represent a true known tree, we additionally quantified ψ across a range of tree 

depths and internode distances to test if our predictions of utility are in line with general trends in 

the data. Concordant with our results above, the concatenated data set is predicted to be of high 

phylogenetic utility at all timescales (ψ = 1.0 for all nodes), while the utility of individual loci 

begins to decline for small internodes at deep tree depths (Supplementary Fig. 5). 

Estimating a time-calibrated phylogeny. We estimated a time-calibrated tree with a node 

dating approach in BEAST 1.8.1 (ref. 42) that used 19 well justified fossil calibrations 

phylogenetically placed by rigorous, apomorphy-based diagnoses (see the descriptions of avian 

calibration fossils in the Supplementary Information). We used a starting tree topology based on 

the ExaBayes inference (Fig. 1), and prior node age calibrations that followed a lognormal 

parametric distribution based on occurrences of fossil taxa. To prevent BEAST from exploring 

topology space and only allow estimation of branch lengths, we turned off the subtree-slide, 

Wilson–Balding, and narrow and wide exchange operators61,62. Finally, we applied a birth–death 

speciation model with default priors. 

As rates of molecular evolution are significantly variable across certain bird lineages63-65, 

we applied an uncorrelated relaxed clock (UCLN) to each partition of the data set where rates 

among branches are distributed according to a lognormal distribution66. All dating analyses were 
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performed without crocodilian outgroups to reduce the potential of extreme substitution rate 

heterogeneity to bias rate and consequent divergence time estimates of the UCLN model67.  

All calibrations were modelled using soft maximum age bounds to allow for the potential 

of our data to overwhelm our user-specified priors68. Soft maximum bounds are the preferred 

method for assigning upper limits on the age of phylogenetic divergences69. As effective priors 

necessarily reflect interactions between user specified priors, topology, and the branching-model, 

they may not precisely reflect the user-specified priors70. To correct for this potential source of 

error, we carefully examined the effective calibration priors by first running the prepared BEAST 

XML without any nucleotide data (until all ESS values were above 200). We then iteratively 

adjusted our user-defined priors until all of the effective priors (as examined in the Tracer 

software) reflected the intended calibration densities. Finally, using the compare.phylo function 

in the Phyloch R package, we examined how the inclusion of molecular data influenced the 

divergence time estimates relative to the effective prior (Supplementary Fig. 9; see below). 

Defining priors. Our initial approach was to set a prior’s offset to the age of its associated fossil; 

the mean was then manually adjusted such that 95% of the calibration density fell more recently 

than the K–Pg boundary at 65 Ma (million years ago) (the standard deviation was fixed at 1 Ma). 

In general, priors constructed this way generated calibration densities that specified their highest 

density peak (their mode) about 3–5 million years older than the age of the offset. 

We applied a loose gamma prior to the node reflecting the most recent common ancestor 

of crown birds—we used an offset of 60.5 Ma (the age of the oldest known definitive, 

uncontroversial crown bird fossil; the stem penguin Waimanu), and adjusted the scale and shape 

of the prior such that 97.5% of the calibration density fell more recently than 86.5 Ma71 (see 
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below and Supplementary Information for discussion of the .65 Ma putative crown avian 

Vegavis). This date (86.5 Ma) reflects the upper bound age estimate of the Niobrara Formation—

one of many richly fossiliferous Mesozoic deposits exhibiting many crownward Mesozoic stem 

birds, without any trace of avian crown group representatives. The Niobrara, in particular, has 

produced hundreds of stem birds and other fragile skeletons, without yielding a single crown bird 

fossil, and therefore represents a robust choice for a soft upper bound for the root divergence of 

the avian crown71-73. Previous soft maxima employed for this divergence have arbitrarily selected 

the age of other Mesozoic stem avians (that is, Gansus yumenensis, 110 Ma) that are 

phylogenetically stemward of the Niobrara taxa28. Although the implementation of very ancient 

soft maxima such as the age of Gansus are often done in the name of conservatism, the extremely 

ancient divergence dates yielded by such analyses illustrate the misleading influence of assigning 

soft maxima that are vastly too old to be of relevance to the divergence of crown group birds74. 

However, this problem has been eliminated in some more recent analyses75.  

All of the fossil calibrations employed in our analysis represent neognaths; rootward 

divergences within Aves (for example the divergence between Palaeognathae and Neognathae, 

and Galloanserae and Neoaves) cannot be confidently calibrated due to a present lack of fossils 

representing the palaeognath, neognath, galloanserine, and neoavian stem groups. As such, the 

K–Pg soft bound was only applied to comparatively apical divergences within neognaths. 

Although the question of whether major neognath divergences occurred during the Mesozoic has 

been the source of controversy76-78, renewed surveys of Mesozoic sediments for definitive crown 

avians or even possible crown neoavians have been unsuccessful (with the possible exception of 

Vegavis; see Supplementary Information), and together with recent divergence dating analyses 

have cast doubt on the presence of neoavian subclades before the K–Pg mass extinction1,74,79. 
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Further, recent work has demonstrated the tendency of avian divergence estimates to greatly 

exceed uninformative priors, resulting in spuriously ancient divergence dating results (for 

example, refs 28, 75, 76, 80). These results motivated our implementation of the 65 Ma soft 

bound for our neoavian calibrations. 

Contrary to expectation, when we compared the effective prior on the entire tree to the 

final summary derived from the posterior distribution of divergence times (Supplementary Fig. 

9), we found no overall trend of posterior estimated ages post- dating prior calibrations. In fact, 

the inclusion of our molecular data decreases the inferred ages of almost all of the deepest nodes 

in our tree. A similar result has been obtained for mammals by using large amounts of nuclear 

DNA sequences81. Future work investigating the interplay of the density of genomic sampling 

and the application of various calibration age priors will be indispensible for sensitivity analyses 

to help us further develop a robust timescale of avian evolution. However, the pattern of 

posterior versus prior age estimates observed in our study raises the prospect that the new class 

of data used in this study (that is, semi-conserved anchor regions) may exhibit some immunity to 

longstanding problems associated with inferring avian divergence times, such as systematically 

over-estimating the antiquity of extant avian clades. 

Implementing BEAST and summarizing a final calibrated tree. In addition to making 

predictions about the phylogenetic utility of a locus or partition towards topological resolution, 

PI profiles have recently also been used to mitigate the influence of substitution saturation on 

divergence time estimates82. Given the variance in PI profile shapes for captured loci and their 

subsequent partition assignments (Supplementary Fig. 4c), and observations that alignments and 

subsets of data alignments characterized by high levels of homoplasy can mislead branch length 
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estimation83,84, we limited our divergence time estimates to 36 partitions that did not exhibit a 

decline in informativeness towards the root of the tree. We ran BEAST on each partition 

separately until parameter ESS values were greater than 200 (most were greater than 1,000) to 

ensure adequate posterior sampling of each parameter value. After concatenating 10,000 

randomly sampled post burn-in trees from each of these completed analyses, we summarized a 

final MCC tree with median node heights in TreeAnnotator v1.8.1 (ref. 42). Supplementary Fig. 

6 shows the full, calibrated Bayesian tree (Fig. 1) with 95% HPD confidence intervals on the 

node ages, and Supplementary Fig. 7 shows the distribution of estimated branching times, ranked 

by median age (using clade numbers from Fig. 1). All computations were carried out on 64-core 

PowerEdge M915 nodes on the Louise Linux cluster at the Yale University Biomedical High 

Performance Computing Center. 

Data reporting. No statistical methods were used to predetermine sample size. 

 

 

 

 

 

 

 

 

 



Paleognathae
G

alloanserae
N

eoaves
Strisores

C
olum

baves 
G

ruiform
es 

Aequorlitornithes 
Tinam

.
G

alliform
es

Anseriform
.

Apodiform
.

O
tidim

orph.
C

olum
bim

orph.

Ple.Pli.MioceneOligoceneEocenePaleoceneUpper
Q.NeogenePaleogeneCretaceous

●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

● ●

● ● ●

●

●
●

●
●

●●●

●

●

●

●

●

●
●

● ●●

●
● ●

● ●

● ● ●

●

●
● ● ●

●
● ●

●

●

●
●
● ●

●

●
●

●

●
●

● ● ●

●

●
●
●

●
●

● ●

● ●

●

● ●

●

●
●

●
● ● ●

●
●

●
●

● ●

●

●

●
●
●
●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

● ●

●
● ●

●

●
●

●
●

●
●●

●

●

●

●

●

●
●

●
●●

●
● ●

● ●

●
● ●

●

●
●

● ●

●
● ●

●

●

●
●

● ●

●

●
●

●

●
●

●
● ●

●

●
●
●

●
●

● ●

● ●

●

● ●

●

●
●

●
●

● ●

●
●

●
●

● ●

●

●

●
●
●
●

●
●

●
●

●

●

●
●

●
●

●

●

●

●

●
●

Streptoprocne

Tauraco

Treron

Corythaeola

Tringa

Theristicus

Chroicocephalus

Burhinus

Ciconia

Columba

Charadrius

Topaza
Phaethornis

Leptotila

Crax

Odontophorus

Nothoprocta
Crypturellus
Tinamus

Coccyzus

Tigrisoma

Columbina

Chordeiles

Ardea

Chaetura

Nyctibius

Colinus

Anas

Anseranas

Morus

Podargus

Leipoa

Oxyura

Caprimulgus

Dromaius

Psophia

Sterna

Balaeniceps

Archilochus

Bonasa

Jacana

Ardeotis

Oceanodroma

Dendrocygna

Anser

Phoenicopterus

Aythya

Haematopus

Oceanites

Mesitornis

Sarothrura

Monias

Recurvirostra

Rollulus

Phalacrocorax

Chauna
Gallus

Phaethon

Leptoptilos

Heliornis

Anhinga

Casuarius

Fregata

Pelecanoides

Hemiprocne

Apteryx

Pelecanus

Rynchops

Aegotheles

Pterodroma

Eurypyga

Centropus

Eurostopodus

Glareola

Rostratula

Syrrhaptes

Fulmarus

Grus

Puffinus

Porphyrio

Uria

Turnix

Pterocles

Pelagodroma

Rhea

Phoebastria

Scopus

Aramus

Ixobrychus

Rollandia

Cuculus

Tapera

Micropygia

Ortalis

Arenaria

Rallus

Limosa

Eudromia

Balearica

Ptilinopus

Steatornis

Numida

Gavia
Spheniscus

Struthio

Pedionomus

70 60 50 40 30 20 10 0
Ma

1

2

3

4

5

6

98

99

100

101

102

103

104

105

106
107

108
109

110
111

112

113

114

115

116

117
118

119
120

121

122

123

124

125

126
127

128
129

130

131

132
133

134
135

136
137

138

139

140

141

142
143

144

145
146

147

148

149

150

151
152

153

154
155

156

157

158
159

160
161

162

163

164

165

166

167

168
169

170
171

172

173
174

175

176

177

178

179

180
181

182

183

184
185

186
187

188
189

190

191

192

193

194
195

196

197

Aves



●

●

●

●

●

●

●

●

●
●

●
●

●

●
●

●

●
● ●

●

● ●

●

●

●

●
●
●
●
●

●
●●

●

●

●

● ●

●

●
● ●

●
●●

●
●

● ●

●
●

●
●

●

●
● ●

●

●

●

●

●

●

●

●
●

● ●

● ●

● ●

●
●

● ●

● ●

●
●

●

●

●

●

●
●

●
● ●

●

●
● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
● ●

●

● ●

●

●

●

●
●
●

●
●

●
● ●

●

●

●

● ●

●

●
● ●

●
●●

●
●

● ●

●
●

●
●

●

●
● ●

●

●

●

●

●

●

●

●
●

● ●

● ●

● ●

●
●

● ●

● ●

●
●

●

●

●

●

●
●

●
● ●

●

●

●

●

●

●

●

●

●●

Ple.Pli.MioceneOligoceneEocenePaleoceneUpper
Q.NeogenePaleogeneCretaceous

70 60 50 40 30 20 10 0
Ma

Inopinaves
N

eoaves continued

C
oraciim

orphae
Accipitriform

s.
Australaves

Passeriform
es

Buteo

Momotus

Trogon

Smithornis

Apaloderma

Indicator

Alcedo

Buccanodon

Corvus

Tockus
Merops

Furnarius

Cathartes

Hymenops

Hirundinea

Thamnophilus

Strix

Jynx

Sylvia
Regulus

Micrastur

Rupicola

Myiobius

Turdus

Sclerurus

Piprites
Rhynchocyclus

Neopelma

Fringilla

Upupa

Todus

Falco

Myrmornis

Cotinga

Deroptyus

Ceratopipra

Lepidocolaptes

Tyrannus

Caracara

Tityra

Picus

Terenura

Oxyruncus

Ibycter

Schiffornis

Capito

Bucco

Accipiter

Psittrichas

Chloroceryle
Galbula

Chelidoptera

Vultur

Probosciger

Coracias

Ramphastos

Sagittarius

Atelornis

Leptosomus

Opisthocomus

Psittacus

Melanopareia

Climacteris

Malurus

Barnardius

Elanus

Eurylaimus

Nestor

Phoeniculus

Megalaima

Pitta

Colius
Urocolius

Menura

Cryptopipo

Cariama

Myrmothera

Elaenia

Neodrepanis

Ptilonorhynchus

Pandion

Tyto

Chunga

Calandrella
Poecile

Lophorina

Calyptomena

Sericulus

Spizella

Pycnonotus

Bucorvus

Acanthisitta

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23
24

25

26

27

28

29
30

31

32
33

34

35
36

37

38

39
40

41

42

43

44

45

46

47

48

49

50
51

52

53

54
55

56

57

58

59

60

61
62

63

64

66

67

68

69

70

71

72

73
74

75

76
77

78
79

80

81
82

83

84
85

86

87

88

89

90

91

92

93

94
95

96

97

65



 

172 

Figure 3.1. Phylogeny of birds. Time-calibrated phylogeny of 198 species of birds inferred from 

a concatenated, Bayesian analysis of 259 anchored phylogenomic loci using ExaBayes17. Figure 

continues on the opposite page from green arrow at the bottom of this panel. Complete taxon 

data in Supplementary Table 1. Higher taxon names appear at right. All clades are supported 

with posterior probability (PP) of 1.0, except for the Balaeniceps– Pelecanus clade (PP = 0.54; 

clade 109). The five major, successive, neoavian sister clades are: Strisores (brown), 

Columbaves (purple), Gruiformes (yellow), Aequorlitornithes (blue), and Inopinaves (green). 

Background colours mark geological periods. Ma, million years ago; Ple, Pleistocene; Pli, 

Pliocene; Q., Quaternary. Clade numbers refer to the plot of estimated divergence dates 

(Supplementary Fig. 7). Fossil age-calibrated nodes are shown in grey. Illustrations of 

representative bird species30 are depicted by their lineages. See Supplementary Information for 

details and further discussion. Please refer to the published version of this article for higher 

quality vector art. 
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Abstract: Survivorship following major mass extinctions may be associated with a decrease in 

body size—a phenomenon called the Lilliput Effect. Body size is a strong predictor of many life 

history traits (LHTs), and is known to influence demography and intrinsic biological processes. 

Pronounced changes in organismal size throughout Earth history are therefore likely to be 

associated with concomitant genome-wide changes in evolutionary rates. Here, we report 

pronounced heterogeneity in rates of molecular evolution (varying up to ~20-fold) across a large-

scale avian phylogenomic dataset, and show that nucleotide substitution rates are strongly 

correlated with body size and metabolic rate. We also identify potential body size reductions 

associated with the Cretaceous-Paleogene (K-Pg) transition, consistent with a Lilliput Effect in 

the wake of that mass extinction event. We posit that selection for reduced body size across the 

K-Pg extinction horizon may have resulted in transient increases in substitution rate along the 

deepest branches of the extant avian tree of life. This ‘hidden’ rate acceleration may result in 

both strict and relaxed molecular clocks over-estimating the age of the avian crown group 

through the relationship between life history and demographic parameters that scale with 

molecular substitution rate. If reductions in body size (and/or selection for related demographic 

parameters like short generation times) are a common property of lineages surviving mass 

extinctions, this phenomenon may help resolve persistent divergence time debates across the tree 

of life. Furthermore, our results suggest that selection for certain life history traits may be 

associated with deterministic molecular evolutionary outcomes. 

Keywords: mass extinction, life history evolution, birds, molecular clocks, divergence times, 

metabolic rate, body size, K-Pg 
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 Resolving conflicts between estimates of clade ages derived from molecular divergence 

time analyses and the known fossil record is a persistent challenge of contemporary systematics. 

While discrepancies between molecular clock and fossil ages have been identified in many major 

clades (e.g. Metazoa: Fontanillas et al. 2007, Actinopterygii: Dornburg et al. 2014, Angiospermi: 

Beaulieu et al. 2015, Mammalia: Phillips 2015) a particularly controversial example involves the 

age of crown birds (Cracraft et al. 2015, Ksepka and Phillips 2015) – the most recent common 

ancestor (MRCA) of all living birds, and all of that ancestor’s descendants. This debate is 

compounded by the absence of fossils assignable to the stem lineages of the two deepest clades 

within crown birds, Palaeognathae and Neognathae. As such, variable assignments of maximum 

age constraints have generated widely differing estimates for the age of crown birds (varying 

from <75 Ma (e.g. Prum et al. 2015) to >160 Ma (e.g. Cracraft et al. 2015); notably, more 

ancient than the ~150 Ma stemward avialan Archaeopteryx lithographica). These varying 

estimates of the avian root age often influence age estimates of more exclusive descendent 

clades: older root age maxima tend to draw the radiation of the major subclade Neoaves into the 

Cretaceous (e.g. Jetz et al. 2012), thereby generating uncertainty about the role of the K-Pg mass 

extinction in shaping extant avian diversity. With little paleontological evidence to support the 

extensive radiation of crown birds in the Mesozoic, however, these estimates remain highly 

contentious (Mayr 2009). 

 While conflicts between ‘rocks and clocks’ may be partially reconciled by many factors 

(e.g. morphological lag time, taxon sampling, data quality; see supplementary appendix for 

detailed discussion, doi:10.5061/dryad.nr654), a mechanistic hypothesis for pervasive 

discrepancies between avian molecular divergence times and the fossil record is still wanting. 

Although the Mesozoic avian fossil record may be undersampled with respect to crown birds, 
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this interpretation is unlikely to fully explain existing divergence time discrepancies. The 

Mesozoic fossil record of crownward stem birds argues against the up to ~100 million-year 

missing fossil record advocated by unconstrained divergence time analyses without a maximum 

age prior on the root (Benton 1999, Cracraft et al. 2015), and generally supports a much younger 

estimate for the avian root age. Reconciling molecular divergence time estimates with the known 

crown bird fossil record thus suggests a hidden acceleration of the avian molecular clock at some 

point in avian evolutionary history (e.g. Alroy 1999, Benton 1999, e.g. Bromham 2003). 

However, a plausible mechanism for such an acceleration has yet to be articulated, casting doubt 

on this interpretation (Easteal 1999). 

 Mass extinction events have been characterized by marked reductions in body size among 

surviving lineages relative to their pre-extinction antecedents (Twitchett 2007). This 

phenomenon, known as the ‘Lilliput Effect’ (Urbanek 1993), is difficult to observe directly in 

many clades (including birds) because it requires an exceptionally well-sampled fossil record 

immediately before and after an extinction event. The challenge is exaggerated when surviving 

lineages are predicted to be very small-bodied, and therefore subject to taphonomic bias against 

their preservation and discovery (Brown et al. 2013). Body size is correlated to constellation of 

traits related to life history and demography, including generation length, population size, 

longevity, and metabolic rate (Simpson 1944, Western and Ssemakula 1982, Brown 1995, Roff 

2002). As a result, pronounced changes in body size may be correlated with changes in rates of 

nucleotide substitution, an expectation that stems from the nearly neutral theory of molecular 

evolution (Kimura 1968, Ohta 1973, Nabholz et al. 2013, Figuet et al. 2016), as well as the 

metabolic theory of ecology (e.g. Brown et al. 2004; see supplement for a detailed discussion). 

Invoking the Lilliput Effect as a hypothesis to explain a hidden period of increased substitution 
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rates in a clade implies two general predictions: 1) that small body sizes are associated with 

faster substitution rates, and 2) that survivors of a mass extinction are characterized by reduced 

size relative to their pre-extinction relatives. 

Here, we use simulations and ancestral reconstructions to address whether a ‘Lilliput 

Effect rate-process’ among bird lineages surviving the K-Pg event could be contributing to 

enduring discrepancies between avian divergence time estimates derived from molecular 

sequence data and the crown group fossil record. First, we combine paleontological data with 

ancestral state reconstructions (ASR) to suggest that a pulse of body size reduction may have 

occurred early in the evolutionary history of the avian crown group, possibly associated with the 

K-Pg transition. We then re-examine the hypothesis that substitution rate variation in birds is 

related to LHT (life history trait) evolution (e.g. Nabholz et al. 2016). Drawing on our results, we 

propose that body size-related changes in LHTs associated with the K-Pg mass extinction led to 

substitution rate perturbations among surviving lineages. We suggest that observed increases in 

nucleotide substitution rates could be a result of dwarfing within surviving lineages (thereby 

inducing lineage-specific rate accelerations), and/or of size-biased extinction affecting the 

distribution of substitution rates among surviving lineages (thereby generating clade-wide 

effects). 

To our knowledge, the present study is the first to detect significant and potentially 

independent effects of body size and metabolic rate on avian substitution rate while controlling 

for other life history variables. We illustrate the impact of our findings on divergence time 

estimation by demonstrating that the association between body size and LHT evolution can have 

a pronounced effect on estimates of the antiquity of avian clades. In addition to presenting a new 

biological hypothesis to reconcile the avian crown age debate, the results we report may have 
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macroevolutionary implications relevant to studies of divergence times and diversification in the 

wake of mass extinctions in other clades across the tree of life. 

 

Materials and Methods 

Life history correlations 

Life history data were obtained from the AnAge senescence database Build 13 (De 

Magalhães and Costa 2009, Tacutu et al. 2013). We collated the following data: (1) age at sexual 

maturity (days), (2) incubation time (days), (3) number of eggs laid per year, (4) mass at 

hatching (grams), (5) growth rate (1/days), (6), maximum recorded longevity (years), and (7) 

total metabolic rate (watts). For genera that were present in both Prum et al. (2015) and the 

AnAge database, we used average values per genus; otherwise we used family-level averages. 

Body mass (grams, species average) data were collected from Dunning Jr (1992). This yielded a 

data matrix with ~49% missing data overall (with no missing data for body mass, Supplemental 

Table 1). 

We investigated correlations among life history traits (LHTs) and overall substitution rate 

using Coevol 1.4b, a Bayesian MCMC tool that estimates the correlation structure among the 

rate of molecular evolution and a set of quantitative traits. These parameters are jointly modeled 

as a multivariate Brownian process that incorporates evolutionary relationships (Lartillot and 

Poujol 2011, Lartillot and Delsuc 2012). A number of recent studies have investigated 

substitution rate processes such as dn/ds (e.g. Figuet et al. 2016) and kr/kc (e. g. Weber et al. 

2014b), or mitochondrial rates (e.g. Nabholz et al. 2016); our analyses focus on the overall rate 

of nucleotide substitution in anchored enrichment loci (Lemmon et al. 2012, Prum et al. 2015). 
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We estimated correlations among log-transformed data in pairwise (i.e., one-to-one or 

marginal), and partial (i.e., controlling for all covariates) comparisons. We used the time-

calibrated tree and sequence data from Prum et al. (2015) with fixed branch lengths, and the ten 

data partitions exhibiting the lowest declines in phylogenetic informativeness (the ‘top-ten 

dataset’ described in Prum et al. (2015), representing a ~41kb sample of largely exonic nuclear 

sequence data). Using data filtered by PI ensures that results are minimally biased by saturation 

(Dornburg et al. 2014). The sequence data were modeled as a single concatenated data matrix, as 

Coevol 1.4b does not allow for the unlinking of data partitions. At least 4 independent replicates 

were compared for each analysis, and adequate sampling of the posterior was assessed by 

ensuring convergence and effective sample size (ESS) values > 200. 

 

Body Size Evolution 

To investigate body size transitions early in the evolutionary history of crown birds, we 

compared reconstructions of early crown bird body sizes to end-Cretaceous body sizes of the 

crownward-most portion of the avian stem. First, we estimated mean body sizes for an 

assemblage of 18 crownward Cretaceous fossils found within 300 Ka of the K-Pg boundary 

(latest Maastrichtian). These fossils provide a snapshot of avian (sensu lato) diversity 

immediately before the K-Pg mass extinction event, and constitute one of the most diverse 

Mesozoic avifaunas known (Longrich et al. 2011). We generated body mass estimates (and 

associated 95% prediction intervals) for the 18 ornithothoracine fossils comprising the Longrich 

et al. (2011) dataset using updated predictive body mass equations for fossil birds (Field et al. 

2013). The most precise osteological correlates of body mass were applied to each fossil, 

depending on which skeletal elements were preserved (see supplement). 
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Measures of a clade’s central tendency can sometimes be misleading when used in 

phylogenetic comparisons (e.g. Felsenstein 1985). However, the relationships among the 

fragmentary Maastrichtian fossil taxa are largely unresolved (Longrich et al. 2011), which 

precludes directly incorporating information about their phylogeny into the present analysis. 

Instead, we used a model comparison approach (see Trait Evolution below). Ancestral body sizes 

within crown birds were estimated under a Brownian motion model in fitContinuousMCMC 

(Harmon et al. 2008) using the time-calibrated avian phylogeny from Prum et al. (2015) and data 

from sources described in the next section. We also compared these estimates to reconstructions 

conditioned on inferred rates of molecular evolution using Coevol 1.4b (see Trait Evolution and 

Figure 1) that were generated as part of the analyses described in the previous section (e.g. 

Lartillot and Poujol 2011, Lartillot and Delsuc 2012). 

 

Influence of body size on divergence time estimates 

We used multiple approaches to study the effect of body size and life history evolution on 

divergence time estimates. First, to simulate how different scenarios of size-biased extinction 

may influence molecular clock estimates of clade age, we performed simple divergence time 

analyses using BEAST 1.8.3 (Drummond et al. 2012). By using a prior rate estimate, we 

illustrate scenarios in which both relaxed and strict clocks that are unaware of life history 

evolution may generate clade age estimates that are systematically over- or underestimated. For 

these analyses, we generated three topological constraint trees by subsampling taxa from each of 

the seven major clades identified by Prum et al. (2015) (Palaeognathae, Galloanserae, Strisores, 

Columbaves, Gruiformes, Aequorlitornithes, Inopinaves). Four taxa were selected from each of 

these clades in each analysis; the four smallest in the clade, the four largest, and the four closest 
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to median clade body size (Simulation A). We restricted our sampling to four taxa per subclade 

to minimize the number of overlapping taxa in the three topological constraints, and to ensure 

that node density artifacts would not bias our estimates of clade age (Hugall and Lee 2007). 

We performed divergence time analyses on each of the size-partitioned datasets to 

generate three estimates of the avian root age. Using the taxon samples and topological 

constraints described above, we first estimated the age of the avian MRCA using a strict clock 

(clock.rate parameter) set to the mean rate of 0.0005 s/s/Ma inferred from the Prum et al. (2015) 

phylogeny, using the standard birth-death tree prior and GTR+Γ8 substitution model. We then 

performed a similar analysis employing relaxed dating methods under an uncorrelated relaxed 

lognormal clock (Drummond et al. 2006) to allow for lineage-specific rate variation. The 

ucld.mean parameter was set to follow a normal distribution with mean of 0.0005 s/s/Ma and 

standard deviation of 0.0001. 

Next, we investigated the sensitivity of molecular clock ages to life history-biased 

extinction for the major subclade Neoaves (for which the fossil record is consistent with a post 

K-Pg radiation). We repeated the above analyses for low, median, and heavy taxon partitions 

within major neoavian subclades. For these analyses we included all available members from the 

sequential outgroups to Neoaves (Paleognathae and Galloanserae; Simulation B). This approach 

held the size-rate relationship constant in the two sister lineages to Neoaves, allowing us to 

evaluate how different scenarios of life history-biased extinction along the Neoaves stem group 

(which likely crossed the K-Pg boundary; Jarvis et al. 2014, Claramunt and Cracraft 2015, Prum 

et al. 2015) may be responsible for biasing previous estimates of the root age of Neoaves. 

Simulation B yielded median neoavian MRCA age estimates that were virtually identical to 
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those of Simulation A, so they are presented as part of the supplementary discussion (see 

Supplementary Figure 7). 

 To test the hypothesis that size reduction within surviving lineages accelerated the rate of 

molecular evolution along the deepest internodes within the crown bird tree, we sought to 

estimate avian divergence times while simultaneously accounting for the portion of the 

molecular clock that may be explained by life history evolution. To reduce the size of branch 

length parameter space, we set tight uniform priors (2 Ma intervals) derived from the median 

posterior age estimates from Prum et al. (2015) around the 19 nodes previously used for fossil-

informed age constraints by Prum et al. (2015), and performed analyses with a birth-death 

speciation prior and the autocorrelated relaxed clock in Coevol 1.4b (Lartillot and Poujol 2011, 

Lartillot and Delsuc 2012). An uninformative gamma prior was applied to the root node (mean = 

1000, SD = 1000). We performed sets of three analyses: 1) with no size or LHT data, 2) 

including body size but no other LHT data 3) including the full body size and LHT data matrix. 

We ran multiple independent MCMC chains for each comparison. We then compared estimates 

of the mean posterior age estimates of all nodes both with and without life history data. Despite 

lengthy attempts to reanalyze the avian evolutionary timescale in Coevol 1.4b to directly test for 

lineage-specific rate accelerations, these analyses failed to converge (see supplementary 

discussion). Nevertheless, our correlational analyses allowed us to generate predictions of 

evolutionary body size changes across the K-Pg required to accommodate the molecular rate 

perturbations implied by the Prum et al. (2015) dataset (see Trait Evolution). 

 

Trait evolution 
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To evaluate the choice of the Brownian motion model assumed in Coevol 1.4b (Lartillot 

and Poujol 2011, Lartillot and Delsuc 2012), we followed Slater et al. (2012) and compared four 

commonly used models of trait evolution using the ‘bayesian fitContinuousMCMC’ function in 

Geiger (Harmon et al. 2008). These models included Brownian motion (BM), a single-optimum 

Ornstein–Uhlenbeck model (called SSP, for single stationary peak, in Geiger), and two variants 

of the early burst model described in (Harmon et al. 2010). The latter two models accommodate 

rapid character evolution near the clade MRCA, followed by a linear or exponential decrease in 

the rate of evolution. To increase the efficiency of the MCMC search, model proposal widths 

were iteratively tweaked until MCMC acceptance rates were between 25-75%. All chains were 

run until ESS values were > 200. We also repeated this analysis using the maximum likelihood 

function ‘ace’ in ape (Paradis et al. 2004). 

To assess support for K-Pg-related body size reduction along the backbone of the crown 

bird phylogeny, we used an information theoretic approach (using the ‘fitContinuousMCMC’ 

and ‘aicm’ functions), implemented in Geiger (Harmon et al. 2008) to rank hypotheses of trait 

evolution using Brownian motion. In one model, we applied body size priors (using uniform 

priors) to the Neornithes, Neognathae, and Neoaves MRCA nodes to match our latest 

Maastricthian mean body size estimate. This model represents a scenario in which body size did 

not evolve along the neornithine backbone relative to the latest Maastricthian assemblage (model 

A). In another model, we parameterized those nodes to match the median posterior estimates 

from an unconstrained Brownian motion model (model B, a pseudo ‘null’). In a third model, we 

applied body size priors to the Neornithes, Neognathae, and Neoaves MRCA nodes to match the 

Neornithes MRCA estimate from an unconstrained Brownian motion model (model C). 
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Integrating information from the fossil record into ancestral state reconstructions 

increases reconstruction accuracy (Slater et al. 2012, Hsiang et al. 2015, Mitchell 2015). To 

improve our ASRs, we generated body mass priors derived from the set of 19 fossils used for 

time calibration points in Prum et al. (2015) and applied them to the calibrated nodes from that 

study. We generated priors by estimating body masses and associated 95% prediction intervals 

using the most precise osteological correlates of body mass given available measurements (see 

supplemental table 3, Figure 1; Field et al. 2013). For each fossil, we derived a mean and 

standard deviation to use as a normal prior in Geiger, assuming estimated upper or lower 95% 

prediction bounds are 1.96 standard deviations away from the mean. Because the 95% prediction 

intervals for these mass estimates are slightly asymmetric around the mean body size estimate (as 

size estimates cannot go below zero), we performed two alternative analyses using either the 

upper or lower bound priors, resulting in normal prior distributions (required by Geiger) that 

were either slightly wider (upper bound), or slightly narrower (lower bound). 

Finally, while we acknowledge the well-explored difficulties of inferring accurate 

ancestral states for continuously varying traits (e.g. Webster and Purvis 2002), the accuracy of 

ASR has also been suggested to increase with increasing phylogenetic signal (see Fig. 2 in 

Litsios and Salamin 2012). Thus, we calculated phylogenetic signal (Pagel’s λ, Pagel 1999, 

Blomberg’s K, Blomberg et al. 2003) for body size using the ‘phylosig()’ function in phytools (Revell 

2012) and α from an Ornstein-Uhlenbeck process (Hansen 1997) modeled using the ‘fitContinuous’ 

function in Geiger (Harmon et al. 2008). 

 

Results 

Substitution rate variation 
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For Bayesian uncorrelated-lognormal relaxed clock analyses (UCLD) in BEAST, a 

coefficient of variation (CoV) is recorded that provides information about how clock-like the 

underlying sequence data are. The CoV is defined as the clock’s standard deviation divided by 

the mean clock rate, and values below 0.1 are considered to be strong evidence for a strict clock 

(Drummond and Bouckaret 2015). Re-examination of the output from Prum et al. (2015) 

indicates a strong rejection of clock-like evolution (mean: 0.93, 95% HPD: 0.41-2.16), and 

suggests that, on average, lineages vary by ~93% of the clock mean. Supplemental Figure 3 

illustrates the median rates estimated for all branches, which vary by a factor of ~20 in the Prum 

et al. (2015) BEAST analysis. While the estimation of uncorrelated clock rates is inherently 

uncertain (Lartillot et al. 2016), with wide, overlapping HPD intervals, examining rates inferred 

to fall within the fastest 2.5% and slowest 2.5% (dashed lines in Supplemental Figure 3) revealed 

clear body size associations. 

 

Life history correlations 

When examined in pairwise comparisons, all LHTs, except for total metabolic rate (pp ~ 

0.3, Supplemental Table 2), were significantly correlated with overall substitution rate at almost 

maximal posterior probability (pp~1.0). Bayesian analyses do not require corrections for 

multiple hypothesis testing (Gelman et al. 2012). All LHTs were inferred to be correlated to each 

other at maximal posterior probability (Supplemental Figure 6). Including phylogeny in the 

model slightly reduced the average effect size (average R2 = 0.33) under the available Brownian 

motion model of evolution, compared to uncorrected linear regressions (average R2 = 0.40, all 

significant with Bonferroni correction). 
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 Partial correlations (controlling for all other covariates) detected that substitution rate is 

inversely correlated with adult body mass, and positively correlated with metabolic rate (R2 = 

0.1, pp = 0.97 and R2 = 0.2, pp = 0.96, respectively, Supplemental Table 2). An additional 

analysis which allowed GC content to vary across lineages (-gc option in Coevol 1.4b; Lartillot 

and Delsuc 2012), while also controlling for metabolic rate, suggested that adult body mass may 

explain a substantial portion of the variance in overall substitution rate (partial mass R2 = 0.45, 

pp = 0.99; partial metabolic rate R2 = 0.22, pp = 0.91). We suggest this increase in R2 may 

indicate that accounting for GC-biased gene conversion (e.g. Romiguier et al. 2010, Weber et al. 

2014a) allows life history effects to explain more of the variance in substitution rate. 

Interestingly, Weber et al. (2014a) and Nabholz et al. (2013) also noted that patterns of GC 

content evolution in birds are consistent with body size reduction through time. 

 

Body size evolution 

We estimated mean body sizes for an assemblage of crownward bird fossils found within 

300 Ka of the K-Pg boundary (latest Maastrichtian). This assemblage constitutes the only 

described diverse avifauna constrained to sediments closely preceding the end-Cretaceous mass 

extinction (Longrich et al. 2011). We estimate the median body size within this avifauna to have 

been ~959g (mean = 1,380g, Figure 1a). This estimate greatly exceeds the mean (~300g) and 

median (~37g) body masses of extant crown group birds (Dunning Jr 1992). With the caveat that 

this result represents a preliminary effort to address the plausibility of avian body size change 

across the end-Cretaceous mass extinction event, this pattern is consistent with the hypothesis 

that crown birds and their closest stem group relatives may have been relatively large 

immediately preceding the K-Pg mass extinction. The Latest Maastrichtian fossil assemblage has 
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intrinsic limitations, particularly regarding potential taphonomic and taxonomic biases (see our 

supplement for a discussion of this topic); however, the apparently strong influence of inferred 

body size transitions on molecular divergence time analyses (see ‘Life history correlations’ and 

‘Influence of body size on divergence time estimates’ below) render these results of interest, and 

should stimulate continued research on this subject. 

For uncalibrated body size reconstructions, Brownian motion was preferred over the next 

best model by ~80 AICM units (Raftery et al. 2006), and received 100% model weight 

(consistent with Harmon et al. 2010). Across models, absolute estimates of body size evolution 

between the neornithine, neognath, and neoavian MRCAs were nearly identical, suggesting that 

the observed pattern of size reduction leading to the neoavian MRCA is not driven solely by the 

assumptions of Brownian motion. Analyses that included body size priors based on Cenozoic 

crown bird fossils yielded very similar results (Figure 1a). All models detected a trend of 

substantial size reduction (by almost an order of magnitude) relative to our estimate for the latest 

Maastrichtian avifauna, followed by explosive body size evolution in the Paleocene (Figure 1b, 

c). 

For calibrated analyses using the set of priors based on the 95% upper bound fossil body 

mass, Brownian motion was again selected as the preferred model (dAIC ~17, weight = 99.99%). 

The reconstructed states for the three deepest nodes within Neornithes were slightly smaller than 

those in ASR analyses without fossil calibrations, and became smaller still when using the tighter 

95% lower bound mass priors (Figure 1). The Neornithes MRCA (median) was reconstructed as 

~553g in the upper-bound fossil calibrated analysis (~617g in uncalibrated), ~50% smaller than 

our median body size estimate for the pre-K-Pg assemblage. The Neognathae MRCA and 

Neoaves MRCA exhibit additional ~10% and ~50% reductions in inferred body size from 
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internode to internode (upper-bound fossil calibrated results: 553g, 299g, respectively; 

uncalibrated: 564g, 339g, respectively). 

Intriguingly, Coevol ASRs, which are in effect calibrated by the inferred correlation 

between rate of molecular evolution and body mass (in this case, using the examined model with 

highest explanatory power, included body mass, metabolic rate, and GC variation, R2=0.45, 

above), generated median posterior estimates of ancestral body masses that were substantially 

smaller than the LM (latest Maastrichtian) estimate: Neornithes MRCA (352.75 g), Neognathae 

MRCA (372.45 g), Neoaves (195 g) (Figure 1, Supplemental Figure 8). These estimates 

represent predictions of the ancestral body masses that would have been required to 

accommodate the high rates of molecular evolution implied by the Prum et al. (2015) phylogeny. 

Notably, the body mass estimate for the Neoaves MRCA is smaller than that inferred for all of 

the fossil taxa in the LM fossil assemblage, save one (~ 192g estimated for Cimolopteryx 

minima, a crown-grade ornithurine; Longrich et al. 2011). When Coevol detects a statistically 

significant correlation between a trait and substitution rate, ancestral state reconstructions that do 

not accommodate this correlation can be statistically rejected (N. Lartillot, personal 

communication, Supplemental Figure 8). Coevol 1.4b, however, cannot combine normally 

distributed node-based trait priors with rate-trait relationships, so we could not conduct analyses 

that combined our fossil mass priors with this additional source of information. 

Statistical support for body size reduction near the K-Pg boundary is strong across 

multiple analyses (see Figure 1). For model A (latest Maastrichtian constraint), the AICM = 

1285; for model B (null), AICM = 1249; for model C (Neornithes constraint), AICM = 1259. 

Because the AICM scores for model B << Model C << Model A, we find that a model which 

accommodates substantial size reduction relative to the latest Maastricthian body size estimate, 
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and size reduction along the neornithine backbone, represents a statistically significant 

improvement in model fit (ΔAICMA-B ~36, ΔAICMB-C  ~26 AICM). Trend model support for size 

reduction along the neornithine backbone was similar (e.g., ΔAICMB-C ~20). Additionally, body 

size exhibits significant (p << 0.05) and high phylogenetic signal (l = 0.93, K = 1.49, α = 0.00) in 

our dataset, further implying that our data are generally consistent with a Brownian motion 

model of evolution, and are perhaps phylogenetically conservative (K > 1, Losos 2008, Revell et 

al. 2008). 

 

Influence of body size on divergence time estimates 

Simulations of different life history-biased extinction scenarios using sets of low, median, 

and high mass taxa with a strict clock set to the mean inferred rate of the Prum et al. (2015) 

analysis reveal that a difference of ~37.5 Ma in estimated avian root age can be explained by 

differences in substitution rate related to body mass (Figure 3). Our simple approach allowed us 

to generate three estimates of the neornithine MRCA age that represent the within-clade body 

size disparity of extant birds. Further, the observed discordance associated with estimates of 

clade age and average clade mass can be described by a simple linear function (n=3, R2=0.99, 

p=0.04, clade age = 162.06 – 9.18(ln(average clade mass)). The ‘low mass’ taxon partition 

yielded a median posterior root age of 115.7 Ma, while ‘median’ and ‘heavy’ partitions yielded 

estimates of 94.8 Ma and 78.3 Ma, respectively, with narrow, non-overlapping HPD intervals of 

5-10 Ma (Figure 3). Repeating these analyses with uncorrelated relaxed clocks generated the 

same pattern of median estimates (low = 125.3 Ma; median = 100.8 Ma; high = 81.6 Ma). As 

was the case for Neornithes, strict and relaxed clock estimates for the root age of Neoaves 
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revealed a striking association with body size, (e.g, strict clock: low = 68.9 Ma, median = 61.5, 

heavy = 44.8 Ma; Figure 3 & Supplemental Figure 7). 

In general, we suggest that median mass taxon partitions may represent more accurate 

estimates of divergence times, insomuch as they may be less likely to be biased by extreme rates 

of molecular evolution. However, we do not intend that the results (i.e. age estimates) of these 

analyses be interpreted strictly; they are intended to demonstrate the largely unexplored 

sensitivity of molecular clock estimates of clade age to evolutionary perturbations in body size. 

 

Discussion 

Our data strongly support the hypothesis that macroevolutionary fluctuations in avian 

body size may induce substantial changes in nucleotide substitution rates in birds (Martin and 

Palumbi 1993, Smith and Donoghue 2008), and confirm the hypothesis that smaller-bodied birds 

exhibit higher rates of nucleotide sequence evolution (e.g. Figuet et al. 2016, Nabholz et al. 

2016). Thus, a hidden period of nucleotide substitution rate acceleration may be partly explained 

by selection for small body size closely associated with the K-Pg extinction event. We propose a 

Lilliput-rate-process as a mechanistic hypothesis to explain a portion of the ‘rocks and clocks’ 

discrepancy in estimates of the avian crown age. 

 

LHT correlates of total substitution rate in birds 

The present study illustrates how an underappreciated source of molecular clock error—

life history’s connection to demography, and ultimately mutation rate—may have deterministic 

effects on substitution rates. In our analyses, body size and metabolic rate exhibited consistently 

significant associations with the rate of nucleotide evolution when other LHTs were controlled 
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for. When controlling for body size, metabolic rate (BMR) is a measure of mass-specific 

metabolic rate, which scales inversely with body size (Reynolds and Lee 1996, McNab 2012), 

and may be positively and causally associated with mutation rate (Martin and Palumbi 1993, 

Mindell et al. 1996, Gillooly et al. 2005, Gillooly et al. 2007). Our analyses detect such a 

positive association (Figure 2; see supplement). Smaller bodied birds would also be subject to 

additive substitution rate effects induced by demographic processes (i.e., shorter generation time, 

and in the context of the K-Pg, reduced population size). The negative association we observe 

between substitution rate and body size in partial correlations may be indicative of such a 

demographic signal. Thus, the present work may represent the first illustration of independent 

effects of body size and metabolic rate on avian substitution rate. Finally, because the anchored 

enrichment data used in this analysis may include some sites evolving non-neutrally (Lemmon et 

al. 2012), we suggest that our results may be conservative, as selection (acting in different 

directions) affecting the rate of molecular evolution is less clearly correlated with life history 

evolution (Martin and Palumbi 1993, Smith and Donoghue 2008). 

 

Substitution rate variation 

Our re-analyses of the Prum et al. (2015) dataset suggest that a model with ~20x rate 

heterogeneity is required to describe genomic rate variation across the avian tree of life 

(Supplemental Figure 1, 2; also, see supplemental discussion on the Niobrara Formation-

informed crown prior). Among the branches falling within the fastest 1% are those leading to 

tinamous (Tinamidae), Neoaves (at least the stem of which likely crosses the K-Pg), swifts 

(Apodidae), and perching birds (Passeriformes), while those falling within the slowest 1% 

include the branches leading to Ciconiiformes (storks and kin), Cathartidae (New World 
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vultures), and Procellariiformes (tubenoses). This pattern is consistent with branch length 

estimates derived from the classic DNA-DNA hybridization studies of Sibley and Ahlquist 

(1990); the fastest (99th rate percentile) represents lineages that include extant taxa that are 

generally small and short-lived, while the opposite is true for the lineages found in the 1st 

percentile. 

Our analysis also corroborates prior findings (e.g. Baker et al. 2007, Hackett et al. 2008) 

of an extremely long branch length (extremely fast substitution rate) for the lineage leading to 

Turnix, the cause of which has yet to be fully understood. The inferred pace of molecular 

evolution in Turnix is so extreme that it is unlikely to be due to life history evolution alone—this 

question merits further investigation. 

Notably, we infer the stem lineage leading to the generally large-bodied Paleognathae 

(the sister group to all other birds, which likely crosses the K-Pg boundary), to exhibit a rate 

falling above the fastest 2.5 percentile of branch rates across the entire avian phylogeny. In the 

context of the present study, this result implies that the early ancestors of crown Paleognathae 

that survived the K-Pg extinction were small-bodied (and probably volant, Faux and Field 2017), 

with molecular evolutionary rates like those of ancestral tinamous or neoavians (this has recently 

been independently corroborated with paleogenomic approaches, see: Mitchell et al. 2014, 

Yonezawa et al. 2016). 

Yonezawa et al. (2016) report an ancestral paleognath MRCA size of 3.8-5.5 kg; our 

analyses infer an ancestor that is smaller (Coevol: ~2.9 kg, Supplemental Figure 8). Notably, 

Yonezawa et al. (2016) suggest that the young age (~50 Ma) inferred for crown Paleognathae in 

Prum et al. (2015) relative to other studies may be due to incorrect rooting; instead, we suggest 

that it may be a result of convergent molecular rate decelerations experienced among large 
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flightless ratites. This result has important implications for the study of palaeognath 

macroevolution and biogeography that are beyond the scope of the present work. However, 

evidence that the paleognath stem lineage may be among the fastest evolving lineages in the 

avian tree (because of ancestrally small body size) supports the hypothesis that prior molecular 

clock age estimates for the Neornithes MRCA may be upwardly biased. 

Convergent evolution of extremely large size in several paleognath lineages during the 

Cenozoic (Mitchell et al. 2014, Yonezawa et al. 2016) likely biases ASRs against the hypothesis 

of a small bodied paleognath ancestor, and will make it difficult to test such hypotheses without 

presently elusive fossil corroboration. If the ancestral paleognath was indeed small (perhaps even 

smaller than our estimates), our illustration of size reduction along deep neornithine internodes 

may be correspondingly inflated. However, such a scenario would still support the underlying 

hypothesis that lineages evolving at fast rates towards the base of the neornithine phylogeny are 

at least partly responsible for driving age overestimations. Clearer constraints on the antiquity of 

the various paleognath subclades—as well as a timeline of independent body size increases 

among ratites—await the discovery and accurate phylogenetic interpretation of additional 

paleognath fossils. 

 

Using molecular clocks to estimate the antiquity of the avian crown 

Reconciling clade ages estimated from the fossil record and molecular clocks is critical 

for testing hypotheses linking major events in Earth history with patterns of biological 

diversification (e.g. Claramunt and Cracraft 2015), as well as any model-based phylogenetic 

comparative analyses which use branch length information (e.g. Jetz et al. 2012). For example, 

rejecting an association between the explosive radiation of Neoaves and the mass extinction of 



 

199 

non-avian dinosaurs at the K-Pg boundary demands that methodological artifacts cannot explain 

the discrepancy between molecular clocks and the fossil record. The degree to which size-biased 

extinction and/or lineage-specific rate accelerations may contribute to clade age overestimations 

remains an open question. Our linear equation from Fig. 3 suggests that a decrease in ‘average 

clade size’ of ~1.3kg to ~250g along the neornithine backbone could induce a clade age increase 

of ~15 Ma (although we emphasize that this is a rough estimate). Therefore, pulsed selection 

against large body size in the context of the K-Pg event could explain rate increases among 

surviving lineages. 

Further, the inclusion of appropriately parameterized crown group fossil time-calibrations 

are predicted to alleviate–but not eliminate–this source of bias, as they are generally applied with 

hard minimum and (critically) infinite maximum ages that allow age estimates to be pushed 

farther back in cases of substitution rate accelerations. Worryingly, if strongly elevated 

substitution rates driven by selection for reduced body size across the K-Pg boundary did indeed 

take place, even the most sophisticated relaxed clock methods currently available will likely fail 

to detect them. Further complicating the problem for birds, as previously stated, is the fact that 

there are presently no fossils that can be used to directly calibrate the minimum ages of the 

Paleognathae, Neognathae, or Neoaves stem lineages, or the age of the Neornithes MRCA. To 

accommodate this problem, Prum et al. (2015) employed an informative but soft-bound prior on 

the root of Neornithes, reflecting the conspicuous absence of avian crown group fossils in the 

Late Cretaceous Niobrara Formation. This deposit has produced hundreds of crownward stem 

bird fossils, and reflects the complete absence of any known crown birds from the entirety of the 

Mesozoic until ~67 Ma across all environments and continents. Applying this prior compresses 
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the age of the neornithine MRCA by ~30 Ma, and induces high substitution rates at the base of 

the tree (see supplemental discussion). 

Phillips (2015) provides an argument in favor of using such ‘appropriately conservative’ 

priors in the face of pronounced age overestimates relative to the fossil record. We note here as 

well that such a calibration choice may be justified when three lines of evidence are satisfied: 1) 

an observation of extreme branch length extension incompatible with the fossil record, 2) 

evidence of a correlation between life history and substitution rate, and 3) evidence of consistent 

patterns of life history evolution occurring across relevant nodes. We suggest that all three of 

these points are satisfied in the case of crown group birds. Future investigation of these patterns 

will require the additional development and refinement of tools for the simultaneous estimation 

of divergence times, substitution rates, and their relationship with life history traits under 

different character and relaxed clock models (e.g. Lartillot et al. 2016). 

 

The Lilliput Effect 

The pervasiveness of the Lilliput Effect as a macroevolutionary phenomenon associated 

with mass extinction events has been questioned (Brayard et al. 2010, Huang et al. 2010). 

However, considering the expected difficulty of directly observing evidence of the Lilliput Effect 

in crown bird fossils flanking the K-Pg mass extinction boundary, the present lack of fossil 

evidence directly informing avian body size change cannot be used to reject the possibility of a 

marked filtering of body sizes among avian survivors of the extinction event. Given the 

apparently profound influence of the K-Pg mass extinction on crownward representatives of the 

avian stem group (Longrich et al. 2011), as well as the striking selection against large body size 

among many surviving lineages (McKinney 1990, Van Valen 1994, Archibald 2013, Wilson 



 

201 

2013), avian survivors may have been subject both to strong ecological selection for reduced 

body size and marked population size reductions in the immediate wake of the extinction event 

(e.g. Friedman 2009, Sallan and Galimberti 2015). Increased rates of nucleotide substitution are 

also predicted to be associated with reduced population size (e.g. Lanfear et al. 2013b). Indeed, 

the conspicuous rarity of fossil birds in the immediate aftermath of the K-Pg (Mayr 2009) may 

be jointly explained by reduced population sizes (Hull et al. 2015) and the diminished 

preservation potential of smaller survivors (Brown et al. 2013). 

We suggest that spuriously ancient molecular divergence time estimates may be 

explained either by the selective extinction of relatively large-bodied taxa across an extinction 

horizon, and/or by size reduction of surviving lineages following a mass extinction event. We 

propose that both mechanisms can lead to accelerations in the rate of molecular evolution that 

manifest as branch length artifacts. The observation of pronounced molecular clock age 

overestimates relative to the fossil record in the context of the K-Pg mass extinction may 

therefore indicate a telltale genomic signature of the Lilliput Effect in birds and other extant 

clades that crossed the K-Pg boundary. 

 

Macrogenetic Evolution 

Considering our results, we can speculate that if the K-Pg acted as a LHT filter favoring 

relatively small survivors, the explosive post-K-Pg diversification of crown Neoaves into newly 

vacant niche space may have been promoted by high genetic diversity generated by rapid rates of 

molecular evolution in surviving lineages. Similarly, the net rate of diversification in birds 

appears to be correlated to rates of molecular evolution (Lanfear et al. 2010). As noted by 

Jablonski (2008): “...small body sizes might increase sensitivity to geographic barriers and thus 
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promote speciation even as accompanying large population sizes decrease species-extinction 

probability.” The nature of the relationships among life history strategies, genetic diversity, and 

evolutionary rates implies that a lineage’s adaptive potential in the face of marked environmental 

perturbations may be mediated by these interactions (Simpson 1944, Lee et al. 2013, Benson et 

al. 2014, Romiguier et al. 2014). 

 Our analyses also suggest that the cataclysmic K-Pg transition may have driven a rapid 

reduction of body size among ancestral crown bird lineages, following the protracted reduction 

in body size among progressively crownward dinosaurs throughout the Mesozoic (Brusatte et al. 

2014, Lee et al. 2014, Puttick et al. 2014). Historical contingencies resulting in mass extinction 

and faunal body size change, like the Chicxulub asteroid impact (Alvarez et al. 1979), may 

therefore lead to deterministic macroevolutionary outcomes, such as pronounced changes in 

molecular substitution rates via associations with LHTs. Phenotypic convergence (or life history-

biased extinction) toward reduced body size among lineages surviving a mass extinction may 

consequently result in convergent molecular substitution rate accelerations. 

 As hunting and habitat destruction have disproportionately affected large taxa in the 

Anthropocene (Duncan et al. 2002, Jablonski 2004), will the impact of human activity parallel 

the effects of the K-Pg transition on avian evolution? Larger-bodied species have a demonstrably 

higher risk of extinction than small species (Gaston and Blackburn 1995, Faurby and Svenning 

2016), and populations of hundreds of bird species have declined precipitously despite conservation 

efforts (Barnosky et al. 2011, McLellan et al. 2014). Indeed, the fact that numerous large-bodied avian 

clades (e.g., Dromornithidae, Teratornithidae, Sylviornithidae, Aptornithidae, Aepyornithidae) have 

been lost throughout the Holocene implies that the diversity of birds available to sample today is biased 

towards smaller taxa exhibiting faster average rates of molecular evolution relative to avian diversity 
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merely thousands of years ago. The extent to which selection for demographic and life history traits 

across mass extinction boundaries influences rates of molecular evolution represents an 

important area of future macroevolutionary investigation in many clades. Such work may reveal 

fundamental insights into how, and when, Earth’s modern biodiversity arose. 
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Figure 4.1. Avian body size evolution in association with the K-Pg boundary.  

a): Ancestral state reconstructions of body size for the three most inclusive nodes within crown 

birds, compared to the body size distribution of a fossil avifauna from the latest Maastrichtian 

(LM assemblage; Longrich et al. 2011). For the LM assemblage, a sample of outliers are 

indicated from a simulated normal distribution, while large black dots indicate mass point 

estimates for fossil taxa (Supplemental figure 4). Dashed horizontal lines (black) within boxplots 

to the right of the LM assemblage indicate median posterior estimates from reconstructions 

excluding fossil body size priors; these are slightly larger than those from analyses directly 

incorporating fossils (using 95% upper bound priors; posterior distributions summarized by 

colored boxplots), suggesting that including fossil information increases the magnitude of 

inferred changes between the center of the LM assemblage and the reconstructions for early 

neornithine nodes. Median size estimates using 95% lower bound priors indicated by diamonds. 

Crossed circles indicate median size estimates conditioned on the correlation between rates of 

molecular evolution and body size, as inferred in Coevol 1.4b (Lartillot and Poujol 2011). 

The red horizontal line that passes through panels a-c) indicates the median value of the 

LM assemblage (~1kg), and the dark grey horizontal line that passes through panel a-c) indicates 

the median mass of extant taxa in this dataset (~150g, somewhat larger than the median mass of 

extant Neornithes, ~37g). The depicted progression of body size reduction represents an 

improvement of up to 36 AICM units relative to a model that constrains the three deepest nodes 

to the mean LM estimate (ΔAICMA-B ~ 36). ΔAICMB-C ~ 26: an alternative model that enforces 

the Neornithes constraint. Boxplot colors match curves in panel b). 

b): Reconstructed body size changes in close association with the K-Pg boundary 

(Cenozoic indicated in pale yellow). On the left, the red curve indicates a normal distribution fit 



 

207 

to the body size distribution of the LM assemblage. Blue, orange, and purple curves trace the 

posterior distributions estimated for body size of the three most inclusive nodes in the crown 

avian phylogeny (matched to their respective nodes with colored circles). Right side of panel b): 

zoomed-in 'phenogram' of body size evolution (to compare with the full range of phenotype 

evolution displayed in panel c)). Pale blue dots indicate Cenozoic nodes calibrated by body size 

priors in this study. Please refer to the published version of this article for higher quality 

vector art. 
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Figure 4.2. Model of the inferred correlation structure among life history traits and overall rate 

of nucleotide substitution (from Coevol 1.4b, Lartillot and Delsuc 2012). Body mass and 

metabolic rate remain statistically significant in partial correlations. Each link represents a test of 

a statistical association between a life history parameter and overall nuclear substitution rate 

(following Lanfear et al. 2013a). Solid arrows indicate that the relationships are statistically 

significant (posterior probability > 0.95 (positive relationship) or < 0.05 (negative relationship)) 

in pairwise comparisons, while dashed arrows indicate non-significance. Solid borders indicate a 

significant relationship in a partial correlation (controlling for all other covariates) while dashed 

borders indicate non-significance. The colors range from red to blue, and are scaled by the 

magnitude of the inferred partial correlation coefficient, r (red = negative, blue = positive). 

Correlation coefficients and associated posterior probability are reported in Supplemental Table 

2. Please refer to the published version of this article for higher quality vector art. 
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FIGURE 3. Simulations illustrating the influence of body size bias on molecular divergence time estimates. Strict molecular clock analyses of
low mass, median mass, and high mass taxon samples for crown birds reveal that approximately ∼40 Ma of root age disparity can be explained by
differences in substitution rate related to body mass alone (relaxed clock analyses described in the text generated similar results). These analyses
imply that extinction of large-bodied taxa can contribute to error in estimates of divergence times by biasing the distribution of substitution rates
represented by surviving lineages. The “low mass” taxon partition yields a median root age of 115.7 Ma, while “median” and “heavy” partitions
yield estimates of 94.8 Ma and 78.3 Ma, respectively, with narrow, nonoverlapping HPD intervals. Regression analysis (inset) reveals that the
relationship may be explained by a simple linear function (R2 =0.99, n=3, P=0.04). The fitted regression line through estimates of the clade
MRCA uses the mean clade mass per simulation as a predictor. Also shown are 90% confidence and prediction (dashed lines) intervals. Shading
reflects the major clades identified in Prum et al. 2015.
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Figure 4.3. Simulations illustrating the influence of body size bias on molecular divergence time 

estimates. Strict molecular clock analyses of low mass, median mass, and high mass taxon 

samples for crown birds reveal that approximately ~40 Ma of root age disparity can be explained 

by differences in substitution rate related to body mass alone (relaxed clock analyses described in 

the text generated similar results). These analyses imply that extinction of large-bodied taxa can 

contribute to error in estimates of divergence times by biasing the distribution of substitution 

rates represented by surviving lineages. The ‘low mass’ taxon partition yields a median root age 

of 115.7 Ma, while ‘median’ and ‘heavy’ partitions yield estimates of 94.8 Ma and 78.3 Ma, 

respectively, with narrow, non-overlapping HPD intervals. Regression analysis (inset) reveals 

that the relationship may be explained by a simple linear function (R2= 0.99, n=3, p=0.04). The 

fitted regression line through estimates of the clade MRCA uses the mean clade mass per 

simulation as a predictor. Also shown are 90% confidence and prediction (dashed lines) 

intervals. Shading reflects the major clades identified in Prum et al. (2015). Please refer to the 

published version of this article for higher quality vector art. 
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APPENDIX 1 

SUPPLEMENTARY MATERIAL FOR CHAPTER 1 

 

Additional data files can be accessed at the online version of this article 

http://dx.doi.org/10.1016/j.ympev.2014.09.001 
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Supplementary Appendix 
 
Design of genera-specific primers for ancient DNA amplification 
 

Because no genetic data had previously been collected for the taxa represented by 
toepads and because some of these samples were many decades old, we designed genera-
specific primers to amplify DNA from these degraded sources. We chose to focus our 
efforts on amplifying fragments of the mitochondrial ND2 gene, with the goal of 
obtaining at least some sequence data from as many taxa as possible. First, we chose 2-4 
closely related taxa (based on putative relationship to the taxa in question) from our 
genetic dataset that had been collected from fresh tissue. Sequences were aligned in 
Sequencher 5.01 (Gene Codes Corporation, Ann Arbor, MI, USA), and alignments were 
visually scanned for areas of conservation. We used the Primer3Plus web application 
(Untergasser et al., 2007) to choose primers from the consensus sequence of a given 
alignment, and primers were subsequently filtered to align with areas of pre-defined 
conservation. For each toepad sample, ND2 was amplified in 3-8 pairs of overlapping 
fragments. PCR products often required secondary re-amplification to be visually 
quantified on an agarose gel prior to sequencing. In many cases, separation from 
secondary products via gel extractions was necessary to isolate the correct fragment. Like 
with sequences derived from fresh tissue, all ND2 consensus sequences were translated in 
the correct reading frame to verify no pre-mature stop codons or indels were present, and 
that overlapping sections of sequences were identical. Using these methods, we were able 
to amplify >80% of the 1041 bp of ND2 for the majority of taxa. 
 
DNA extraction, PCR and Sequencing 

 
Total genomic DNA was isolated from frozen tissue samples using a QIAGEN 

DNeasy extraction kit and standard spin-column protocols. We extracted genomic DNA 
from 21 museum skins using a modified QIAGEN protocol designed to maximize yield 
from dried collagen-rich tissue: All DNA extractions from toe pads were performed in an 
ancient DNA facility at Yale University with sterile technique. First, we sampled 1-3 
rice-grain size slivers of avian toepads, prioritizing fleshy tissue from the hallux. After a 
rinse with double distilled water, these samples were digested in 360 µL of Buffer ATL, 
40 µL of 20 mg/mL Proteinase K and 20-40 µL of 1M DTT (Dithiothreitol) for 24-72 
hours until the tissue was completely lysed. Additional 20 µL aliquots of Proteinase K 
were added as necessary after each 24-hour period of digestion. Digestion was followed 
by the addition of 400 µL of Buffer AL, double washes with 500 µL of Buffer AW1 and 
AW2, and elution of the final extract with 40 µL of Buffer AE heated to 70°C. To 
increase the likelihood of detecting contamination, we used negative (blank) controls 
during extraction and subsequent PCR. 

Target loci from tissue extractions were amplified using the polymerase chain 
reaction (PCR) with the primers listed in Supplemental Table 1 and Promega GoTaqTM 
Flexi DNA polymerase M3001 kits. Each 13 µl reaction contained 4.94 µl of ddH20, 2.5 
µl of 5X Green GoTaq Buffer, 0.5 µl of 10 mM Invitrogen dNTP mix, 0.5 µl of 10 mM 
forward primer, 0.5 µl of 10 mM reverse primer, 0.0625 µl GoTaqTM Flexi polymerase, 
2.5 µl of 25 mM MgCl2, and 1.5 µl of DNA template.  Reactions were run on an MJ 



thermal cycler with the following reaction program: initial denaturation for 2 min at 95°C, 
followed by 45 cycles of: 95°C for 30 seconds, annealing temperatures of 54-50°C 
(depending on primer Tm) with touch-down (i.e. 60°C 5x, 58°C 5x, 56°C 5x, 54°C 25x) 
for 30 seconds, and an extension phase at 72°C for 1 minute and 15 seconds. Cycling was 
followed by a final extension step of 72°C for 7 minutes and a hold at 4°C. 

Many genera specific primers were designed for amplification of degraded DNA 
sequences from toe pads of various species (see Supplementary Electronic Appendix). 
For PCR amplifications from toepad extractions, we used Thermo Scientific Phusion Hot 
Start II High-Fidelity DNA polymerase #F-549L kits with the following reagent 
proportions: For a 20 µl reaction, we combined 11.2 µl ddH20, 4 µl of 5x Phusion HF 
Buffer, 1 µl of 10 mM forward primer, 1 µl of 10 mM reverse primer, 0.4 µl of 
Invitrogen dNTP mix, 0.4 µl of Phusion Hot Start IITM DNA polymerase, and 2 µl of 
DNA template. Reactions were prepared in a sterile ancient DNA facility and processed 
on Eppendorf thermal cyclers with the following program: initial denaturation and 
activation of Hot Start polymerase at 98°C for 30 seconds, followed by 40 cycles of: 
98°C for 10 seconds, annealing temperatures of 54-48°C (depending on primer Tm) with 
touch-down for 20 seconds, and extension at 72°C for 15 seconds. Cycling was followed 
by a final extension phase at 72°C for 10 minutes and a hold at 4°C. 

All PCR products were visualized and quantified on a 1.5% agarose gel before 
being enzymatically processed with USB Shrimp Alkaline Phosphatase (SAP) and 
Exonuclease I (EXO) under the following ratios: for a 12 µl reaction, we mixed 8.5 µl of 
PCR product, 0.68 µl of EXO, 0.68 µl of SAP and 2.04 µl of ddH20. This solution was 
cycled at 37°C for 15 minutes, followed by an enzyme inactivation step at 80°C for 15 
minutes. 

Forward and reverse strands were sequenced for each sample using ABI Big Dye 
Terminator chemistry on a 3730xl 96-Capillary Genetic Analyzer (Applied Biosystems) 
at the DNA Analysis Facility on Science Hill at Yale University. Sequences were aligned 
in Sequencher 5.0.1 (Gene Codes Corporation, Ann Arbor, MI, USA) and trimmed to the 
correct size by aligning the appropriate primer sequences. All coding sequences were 
checked for premature stop codons to check that nuclear pseudo-genes had not been 
amplified (Sorenson and Quinn, 1998). Heterozygous sites in the nuclear introns were 
scored using standard ambiguity codes. Sequences were aligned using a combination of 
Sequencher’s built in alignment algorithm and the ClustalW2 (Larkin et al., 2007) plug-in, 
followed by correction by eye. Final consensus sequences were exported in nexus format 
alignments, and then were concatenated in and exported from Mesquite 2.75 (Maddison 
and Maddison, 2011) for subsequent analysis. 
 
Distance matrix calculations 
 
 Because a number of our samples contained missing data, we used the pairwise-
deletion function in MEGA v5.1 to calculate overall genetic distances using sites that 
were present in both taxa for each pairwise comparison. In some cases, such as for 
species with data from toepads only, distances were estimated from a single locus. Here, 
we report extreme “average” values calculated using pairwise-deletion, and p-distances 
computed from comparisons of individual loci. Within Cotingidae, intraspecific variation 
ranged from 0.15%: Carpodectes antoniae — Carpodectes nitidus (ND2); Xipholena 



atropurpurea — Xipholena lamellipennis (ND2), to 27%: Lipaugus uropygialis — 
Pipreola jucunda (ND2-23%, G3PDH-8.2%), Lipaugus uropygialis — Pipreola 
chlorolepidota (ND2-22.8%, G3PDH-6.1%). Two additional interspecific comparisons 
exhibited uncorrected distances of < 1%: Procnias averano — Procnias nudicollis, 
0.30% (ND2-0.37%, G3PDH-0.0%), Procnias albus — Procnias tricarunculata, 0.55% 
(ND2-0.82%, CYTB-0.29%, G3PDH-0.88%, MYO-0.07%). Approximately 10% of all 
pairwise comparisons (228/2212) were differentiated by more than 20% raw sequence 
divergence. Among the Cotingid genera, overall net distances ranged from 2.7% 
(Cephalopterus-Pyroderus) to 22% (Phibalura-Porphyrolaema). Within genera, 
Xipholena exhibits the least amount of within-group mean distance (0.83%), while 
Pipreola exhibits the most (10.1%). 

Thirteen pairs of intraspecific comparisons showed differentiation of less than 1%. 
There were no nucleotide differences observed between replicates of Lipaugus 
uropygialis from Peru and Bolivia (266 bp ND2), or from replicates of Phibalura 
flavirostris flavirostris from Brazil and P. f. boliviana from Bolivia (283 bp ND2). 
Likewise, there were no differences among three individuals of Procnias albus from 
Venezuela, Guyana, and Brazil. Procnias averano averano from Brazil differed in 0.53% 
of 932 bp of ND2 from Procnias averano carnobarba specimens from Trinidad. 
Porphyrolaema porphyrolaema from Sucumbios, Ecuador, was 0.06% (ND2-0.096%, 
MYO-0.0%) different from a Loreto, Peru specimen. Cotinga cayana from Rondonia, 
Brazil, was 0.13% (CYTB-0.01%, ND2-0.0, MYO-0.442%) different from a Loreto, Peru 
specimen, and Cotinga maynana from Morona-Santiago, Ecuador was 0.19% (CYTB-
0.19%, ND2-0.19%) different from a Loreto, Peru specimen. Lipaugus vociferans from 
Venezuela and Bolivia had 0.32% genetic differentiation (ND2-0.48%, CYTB-0.38%, 
G3PDH-0.0%, MYO-0.28%). Pyroderus scutatus scutatus from Paraguay and Pyroderus 
scutatus masoni from Peru were 0.9% different (ND2-1.5%, MYO-0.0%, G3PDH-0.9%).  
Pipreola lubmoirskii from Peru and Ecuador were 0.23% differentiated (ND2-0.1%, 
CYTB-0.5%, G3PDH-0.0%, MYO-0.14%). Finally, samples of Pipreola lubomirskii 
from Peru and Ecuador were weakly (0.23%) differentiated (ND2-0.1%, CYTB-0.49%, 
G3PDH-0.0%, MYO-0.141%) 

Although these populations are not currently recognized as distinct subspecies, 
Ampelioides tschudii from San Martin, Peru and from Azuay, Ecuador exhibited 1.2% 
differentiation in mtDNA (CYTB-1.5%, ND2-1.1%). Lastly, Pipreola riefferii confusa 
from Cajamarca, Peru and Pipreola riefferii melanolaema from Venezuela showed 4.6% 
genetic differentiation, including substantial genetic differentiation in one nuclear intron 
(ND2-6.0%, CYTB-7.0%, G3PDH-5.6%, MYO-0.0%). 
)
Assessing topological variation across loci 
 

We explored topological discordance among gene trees using the Compare2Trees 
and METATREE web-applets (Nye et al., 2006; Nye, 2008). The Compare2Trees 
algorithm is analogous to sequence alignment, in which topologies are aligned by pairing 
branches in one tree with the best matching branch in a second, and similarity score out 
of 100% is returned (Nye et al., 2006). Prior to each topological comparison, we pruned 
terminals that were not present in both trees as a result of missing data. We used the 
METATREE software to investigate patterns of discordance across loci and their 



similarity to combined analyses. In sum, the ‘meta-NJ’ algorithm clusters phylogenies 
with similar topologies to produce a ‘tree of trees’ network diagram that describes the 
pattern of discordance among input trees (Nye, 2008). 
 The average pairwise discordance (topological dissimilarity) among gene trees in 
this study was moderate (11 %), and ranged from 6.2% (mtDNA-RAG1), to 16.2% 
(MYO-G3PDH) (Supplemental Table 8). The meta-tree network for individual loci was 
somewhat star-like, with three internal nodes connecting all five loci, indicating moderate 
levels of gene tree discordance (Nye, 2008). Consistent with the pairwise comparisons 
above, MYO and G3PDH both had the longest branches (which are proportional to the 
number of steps needed to change one topology into another) indicating the highest 
relative level of discordance. When the analysis was re-run and the topologies from the 
Bayesian species tree and concatenated analysis were included, they clustered in different 
parts of the network; the species tree was placed as an internal node along the branch 
leading to the mtDNA tree, and the concatenated topology was placed sister to MYO 
(96.1% similarity) (Supplemental Figure 9). 
 
Additional reconstruction results 
 

When examined across the posterior distribution of 3.5 X 104 trees, the results 
from our reconstructions of breeding system and plumage dimorphism evolution were 
consistent with those derived from the MCC topology alone — we report the mean −ln ! 
followed by the 2.5% and 97.5% percentiles: For breeding system evolution; one-rate, 
−ln ! = 17.03 [16.15-17.68], AIC = 36.06; two-rate, −ln ! = !16.49 [15.45-17.16], AIC 
= 36.98; (!!! = 1.08,! = 0.30,ΔAIC = 0.92). For dimorphism evolution; one-rate, 
− ln ! = 27.06 [25.62-29.98], AIC = 56.12; two-rate, − ln ! = !25.36![24.16-28.04], AIC 
= 54.72 (!!! = 3.4,! = 0.07,ΔAIC = −1.4). 
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Supplemental Table 1. Table of primers used in this study to amplify and sequence ND2, CYTB, MYO, and 
G3PDH. * Denotes primers that were modified from their source for this study. Primers for PCR amplifications from 
toepad extractions are not listed. 
 
 
Locus Primer Name Sequence (5'-3') Source 
CYTB H15915 AACTGCAGTCATCTCCGGTTTACAAGAC Edwards and Wilson (1990) 
CYTB H658 TCTTTGATGGAGTAGTAGGGGTGGAATGG Johansson et al. (2002) 
CYTB L14841 AAAAAGCTTCCATCCAACATCTCAGCATGAAA Kocher et al. (1989) 
CYTB P5L CCTTCCTCCACGAAACAGGCTCAAACAACCC Johansson et al. (2002)  
CYTB L14996_cot AAYATYTCAGCMTGATGAAACTTYGG Sorenson et al. (2003)* 
G3PDH G3p13B TCCACCTTTGATGCGGGTGCTGGCAT Fjeldså et al. (2003) 
G3PDH G3p14B AAGTCCACAACACGGTTGCTGTA Fjeldså et al. (2003) 
G3PDH G3PintL1 GAACGACCATTTTGTCAAGCTGGTT Fjeldså et al. (2003) 
MYO Myo2 GCCACCAAGCACAAGATCCC Irestedt et al. (2002) 
MYO Myo3 CGGAAGAGCTCCAGGGCCTT Irestedt et al. (2002) 
MYO Myo3f TTCAGCAAGGACCTTGATAATGACTT Irestedt et al. (2002) 
ND2 H1056 GTYTAAGGCTTTGAAGGCCTTCGG Hernan Vasquez (personal comm.) 
ND2 H1056u RTYTAAGGCTTTGAAGGCCTTYGG Hernan Vasquez (personal comm.) 
ND2 H5766 RGAKGAGAARGCYAGGATYTTKCG Johnson and Sorenson (1998) 
ND2 H6313 ACTCTTRTTTAAGGCTTTGAAGGC Johnson and Sorenson (1998) 
ND2 H6313_cot CTCTTRTTTAAGGCTTTGAAGGC Johnson and Sorenson (1998)* 
ND2 L5125u TATCGGGCCCATACCCCGAAWAT Hernan Vasquez (personal comm.) 
ND2 L5216 GGCCCATACCCCGRAAATG Sorenson and Payne (2001) 
ND2 L5758 GGNGGNTGAATRGGNYTNAAYCARAC Johnson and Sorenson (1998) 
 
 
 
Supplemental Table 2. Table of substitution rates, base frequencies, and model parameters α and p(I). Reported values are 
those for scheme S1 for each locus as calculated in *BEAST. VS is the number of variable sites, and PS is the number of 
parsimony-informative sites in the alignment. 
 
 

 
 
 
 

Locus Relative substitution rates  Base Frequencies  α p(I) VS PS 

 A-C A-G A-T C-G C-T G-T A C G T     

ND2 0.04 3.39 0.11 0.08 1.00 0.30 0.34 0.39 0.04 0.23 0.59 0.24 630 581 
CYTB 0.03 1.53 0.09 0.08 1.00 0.11 0.34 0.41 0.04 0.20 0.62 0.42 567 490 
RAG1 0.14 1.00 0.14 0.14 1.00 0.14 0.32 0.20 0.23 0.25 0.79 0.33 391 141 
RAG2 0.15 0.76 0.07 0.30 1.00 0.15 0.31 0.20 0.23 0.26 0.66 0.22 183 55 
MYO 0.17 1.00 0.17 0.17 1.00 0.17 0.31 0.20 0.22 0.27 1.11 - 199 125 
G3PDH 0.23 0.14 1.30 0.45 1.00 0.26 0.32 0.28 0.17 0.23 1.77 - 190 89 



 
 
 
Supplemental Table 3. Partition Schemes by locus for *BEAST analysis. The 
schemes that were chosen as ‘optimal’ by the BIC in PartitionFinder v1.01 are 
bolded. The maximally partitioned scheme S3 was chosen in all cases with the 
exception of RAG2 (intermediately partitioned S2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
    Scheme Partition Model selection results 

 
BIC 

S3 ND2-1, 2, 3 TVM+I+G TRN+I+G GTR+G 55902 
S2 ND2-1+2, 3 GTR+I+G GTR+G - 56035 
S1 ND2-1+2+3 TVM+I+G - - 57100 

 
     S3 CYTB-1, 2, 3 SYM+I+G TIM+I+G TIM+I+G 47081 

S2 CYTB-1+2, 3 TVM+I+G TIM+I+G - 47175 
S1 CYTB-1+2+3 GTR+I+G - - 48667 

 
     S3 RAG1-1, 2, 3 K81uf+G HKY+I+G HKY+G 23775 

S2 RAG1-1+2, 3 TVM+I+G HKY+G - 23797 
S1 RAG1-1+2+3 K81uf+I+G - - 24224 

 
     S3 RAG2-1, 2, 3 HKY+G TVMef+I+G K80+G 10630 

S2 RAG2-1+2, 3 TVM+I+G K80+G - 10624 
S1 RAG2-1+2+3 TVM+I+G - - 10781 

 
      G3PDH GTR+G  - - 9907 

 
      MYO HKY+G - - 11499 



 
 
 
 

Supplemental Table 4. Partition schemes for concatenated analyses. 
The table depicts the three partition schemes that were compared with 
PartitionFinder v1.01. Scheme C1 (minimally partitioned), top left. 
Scheme C2 (maximally partitioned), bottom. Scheme C3 (optimally 
partitioned), top right. The optimal scheme (C3) was selected by 
choosing the scheme with the lowest BIC score. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme C1 Models Scheme C3 Models 
ND2 GTR+I+G CYTB-1+ND2-1 GTR+I+G 
CYTB GTR+I+G CYTB-2+ND2-2 HKY+I+G 
RAG1 HKY+I+G CYTB-3+ND2-3 GTR+I+G 
RAG2 K80+I+G RAG1-1+RAG2-1 HKY+I+G 
MYO HKY+G RAG2-2+RAG2-2 GTR+I+G 
G3PDH HKY+G MYO+RAG1-3+RAG2-3 HKY+G 

- - G3PDH HKY+G 
BIC 165469 BIC 161920 
Scheme C2 Models   ND2-1, 2, 3 GTR+I+G HKY+I+G GTR+G 
CYTB-1, 2, 3 GTR+I+G GTR+I+G GTR+I+G 
RAG1-1, 2, 3 HKY+I+G HKY+I+G HKY+G 
RAG2-1, 2, 3 HKY+G K80+I+G K80+G 
G3PDH HKY+G - - 
MYO HKY+G BIC 162099 



 
 
 
 

Supplemental Table 5. Table of information criterion for all tested 
partitioning schemes output from PartitionFinder v1.01. Scheme C1-C3 
represent different schemes tested for concatenated analysis in MrBayes or 
RAxML (descriptions in text). Schemes S1-S3 represent the different 
schemes tested for each locus for *BEAST species tree inference 
(descriptions in text). The optimal scheme was chosen in each case by 
selecting the scheme with the lowest BIC score. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Supplemental Table 6. Table of rate calibrations used in this study. Mean rates and standard 
deviations are reported in % change per million years. All rates were converted to 
substitutions/site/million years for use in BEAST. 

 

 
 

Scheme lnL AIC AICc BIC Params Sites Subsets 
C1 -81589 163692 163710 165469 257 7437 6 
C2 -79632 159901 159929 162099 318 7437 14 
C3 -79752 160046 160067 161920 271 7437 7 
S1-ND2 -27813 56051 56160 57100 212 1041 1 
S2-ND2 -27243 54931 55053 56035 223 1041 2 
S3-ND2 -27152 54763 54895 55902 230 1041 3 
S1-CYTB -23739 47815 47874 48667 169 1143 1 
S2-CYTB -22964 46282 46348 47175 177 1143 2 
S3-CYTB -22892 46153 46224 47081 184 1143 3 
S1-RAG1 -11770 23711 23716 24224 86 2871 1 
S2-RAG1 -11524 23237 23243 23797 94 2871 2 
S3-RAG1 -11497 23190 23197 23775 98 2871 3 
S1-RAG2 -5109 10377 10389 10781 80 1152 1 
S2-RAG2 -5019 10205 10218 10624 83 1152 2 
S3-RAG2 -5012 10196 10210 10630 86 1152 3 
G3PDH -4436 9212 9428 9907 170 440 1 
MYO -5203 10733 10820 11499 164 790 1 

Gene  %/ MY SD (%/MY) Group Source 
ND2 2.3 0.37 Monarchidae VanderWerf et al. (2010) 
CYTB 2.07 0.2 Passerines Weir and Schluter (2008) 
MYO 
 

0.15 
 

0.0093 
 

Furnariidae, Tyrannidae 
 

Fjeldså et al. (2007); 
Ohlson et al. (2008) 

G3PDH 0.24 0.054 Fringillidae Lerner et al. (2011) 
RAG1 0.07 0.0182 Fringillidae Lerner et al. (2011) 
RAG2 - - - - 



 
 

Supplemental Table 7. Ucld.mean is the mean of the branch 
rates under the uncorrelated lognormal relaxed molecular clock 
(in substitutions/site/million years). Ucld.stdev is the standard 
deviation of the relaxed clock. * Indicates that the frequency 
histogram did not include zero (the result is significant). 

 
 
 
 
 
 
 
 
 
 
 

 
 
Supplemental Table 8. Matrix of Topological similarity estimates across loci 
and Bayesian species tree/concatenated analyses. Similarity scores were 
generated using the Compare2Trees web applet. 1Species tree topology. 
2Concatenated topology. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Supplemental Table 9. Average p-distance matrix across all cotingas 
 Provided as separate XLSX file 
 

Supplemental Table 10. Coding of cotinga breeding biology characters 
 Provided as separate XLSX file 
 
 
 

Locus ucld.mean ucld.stdv 
ND2 0.01125 0.11 
CYTB 0.01158 0.24* 
RAG1 0.00043 0.16 
RAG2 0.00053 0.17 
MYO 0.00070 0.39* 
G3PDH 0.00127 0.54* 

 mtDNA G3PDH RAG1 RAG2 MYO ST1 Concat2 
mtDNA - 87.5% 93.8% 93.3% 89.0% 97.8% 95.0% 
G3PDH  - 85.5% 88.7% 83.8% 88.5% 89.5% 

RAG1   - 91.5% 89.2% 94.9% 92.5% 
RAG2    - 87.8% 92.7% 93.0% 
MYO     - 90.4% 96.1% 

ST      - 91.5% 
Concat          - 
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SUPPLEMENTARY MATERIAL FOR CHAPTER 2 

Additional data files will be archived online at time of publication. Until then readers are advised 

to contact Jacob Samuel Berv for additional materials not included herein.  
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	46	

Section	1	47	

Expanded	Taxonomic	Summary	48	

	49	

Pseudopipra	coracina	(Sclater	1856)		 	 	 Andean	White-crowned	50	

Manakin			51	

Distribution:	Subtropical	Andes	from	Venezuela	south	to	Esmeraldas,	Ecuador	and	San	52	

Martín,	Peru.	53	

Phylogenetic	Position:	Clade	A1,	plus	multiple	unsampled	subspecies	from	the	Colombian	54	

and	Ecuadorian	Andes	(Fig.	3).	55	

Comments:	This	apparently	monophyletic	group	of	northern	Andean	populations	includes	56	

five	currently	recognized	subspecies,	each	of	which	may	be	a	distinct	species.	Three	of	57	

these	subspecies–coracina,	minima,	and	occulta–	have	unique,	highly	differentiated	vocal	58	

types,	and	diagnosable	plumage	differences.	The	vocal	type	of	bolivari	is	unknown.	59	

	60	

P.	c.	coracina	(Sclater	1856)	61	

Distribution:	Subtropical	forests	of	the	eastern	slope	of	the	Andes	from	western	62	

Venezuela	to	Morona-Santiago,	Ecuador.	63	

Phylogenetic	Position:	Based	on	mtDNA	sampled,	a	member	of	Clade	A1.	64	

Plumage:	Males	are	moderately	glossy	on	the	back.	White	crown	feathers	are	long	65	

with	extensive	black	bases.	Crowns	are	sometimes	slightly	grayish.	Females	are	olive	66	

green	with	lighter	yellow	belly,	and	olive	gray	crown	with	more	olive	cheeks.			67	

Lek	Vocal	Type:	8	(errrwer).	68	

Call	Vocal	Type:	Unknown	69	

	 	70	

P.	c.	minima		(Chapman	1914)	71	

Distribution:	Subtropical	forests	of	western	Cauca,	Colombia	south	to	Esmeraldas,	72	

Ecuador		73	

Phylogenetic	Position:	Not	Sampled,	but	a	likely	member	of	Clade	A1.	74	

Plumage:	Males	are	moderately	glossy;	crown	feathers	are	entirely	white	to	their	75	

bases.		No	females	were	observed.	Chapman	(1914)	reported	that	minima	is	smaller	76	

than	anthracina,	and	that	males	lack	prominent	gray	tips	on	undertails.	Freile	(2014)	77	

reported	one	specimen	of	a	female	from	San	Javier,	Esmeraldas,	Ecuador	(100	meters)	78	

and	provisionally	identified	it	as	minima.	The	specimen	is	bright	olive	above	and	79	

below	with	a	slightly	grayish	olive	grown.	However,	this	specimen	is	from	a	80	

substantially	lower	altitude	than	Colombian	records	of	minima,	so	it	may	represent	an	81	

altitudinal	migrant	or	a	distinct	population.	82	

Lek	Vocal	Type:	9	(reeee)	83	

Call	Vocal	Type:	Unknown	84	

	85	

P.	c.	bolivari	(de	Schauensee	1950)	86	

Distribution:	Subtropical	forests	of	southern	Córdoba,	Colombia.	(Not	Sampled)	 	87	

Phylogenetic	Position:	Not	Sampled,	but	a	likely	member	of	Clade	A1.	88	

Plumage:	None	observed.	Apparently	known	only	from	the	type	specimen	from	Cerro	89	

Murucucú,	Córdoba,	Colombia.	de	Schauensee	(1950)	described	this	male	specimen	as	90	
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having	entirely	white	feathers	in	the	forecrown,	like	minima	and	unica,	but	hindcrown	91	

feathers	basally	black	like	coracina.		92	

Lek	Vocal	Type:	Unknown	93	

Call	Vocal	Type:	unknown	94	

	95	

P.	c.	unica	(de	Schauensee	1945)		96	

Distribution:	Subtropical	forests	of	Magdalena	Valley,	Antioquia	to	Huila,	Colombia.		97	

Phylogenetic	Position:	Not	Sampled,	but	a	likely	member	of	Clade	A1.	98	

Plumage:	Males	are	moderate	glossy,	with	long	crown	feathers	that	are	white	to	their	99	

bases.	Females	are	olive	green	above,	and	slightly	gray	on	the	crown;	underparts	100	

uniform	olive.	de	Schauensee	(1945)	described	unica	as	glossier	than	coracina,	with	101	

longer	tail	and	very	long	crest.	102	

Lek	Vocal	Type:	11a	(weer-dink)	and	11b	(shureeep)	103	

Call	Vocal	Type:	unknown	104	

	105	

P.	c.	occulta	(Zimmer	1936)	106	

Distribution:	Eastern	slope	of	the	Andes	from	Zamora-Chinchipe,	Ecuador	(Freile	107	

2014)	south	to	San	Martín,	and	Huánuco,	Peru,	west	of	the	Rio	Huallaga		108	

Phylogenetic	Position:	Clade	A1	(Fig.	3)	109	

Plumage:	Males	are	glossy	with	dark	gray	bases	to	crown	feathers.	Females	are	dark	110	

olive	with	dark	gray	crown	and	gray	throat.	Zimmer	(1936)	described	occulta	as	111	

similar	to	comata	but	adult	males	with	the	occipital	feathers	slightly	shorter	and	with	112	

the	crown	and	occipital	feathers	sooty	at		the	base	instead	of	entirely		white.	113	

Lek	Vocal	Type:	1	(trill-dink)	and	10	(bree)	114	

Call	Vocal	Type:	unknown	115	

	116	

Pseudopipra	anthracina	(Ridgway	1906)	 	 	 Western	White-crowned	117	

Manakin	118	

Distribution:	Subtropical	Costa	Rica	to	Western	Panama	119	

Phylogenetic	Position:	Clade	A2	(Fig.	3)	120	

Plumage:	Males	less	lustrous	on	back	than	all	other	Pseudopipra	populations,		white	crown	121	

feathers	gray	or	dark	gray	at	base.	Female	are	olive	green	with	slaty	crown	and	face.	122	

Ridgway	(1906)	considered	anthracina	to	have	shorter	wings,	smaller	beak,	less	lustrous	123	

plumage	than	pipra	with	undertails	tipped	with	gray.	124	

Lek	Vocal	Type:	4	(jureeee)		125	

Call	Vocal	Type:	unknown	126	

	127	

Pseudopipra	comata	(Berlepsch	and	Stolzmann	1894)						 Junín	White-crowned	128	

Manakin	129	

Distribution:	Subtropical	Andes	of	Peru	from	Cerro	Azul,	Loreto	(east	and	south	of	the	Rio	130	

Huallaga)	to	southern	Huánuco,	Pasco,	Junín,	and	northern	Cusco.	131	

Phylogenetic	Position:	Clade	B	(Fig.	3).	132	

Plumage:	Males	are	glossy	black	above,	crown	feathers	longer	and	entirely	white	to	their	133	

bases.	Females	are	bright	olive	green	above,	gray	on	crown	and	face,	slightly	gray	on	throat,	134	

dark	olive	below,	and	slightly	dark	gray	on	the	belly.	135	

Lek	Vocal	Type:	One	record,	statistically	similar	to	type	1	(trill-dink)	136	
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Call	Vocal	Type:	unknown	137	

Comment:	P.	comata	is	also	composed	of	two	well	differentiated	subclades.		The	northern	138	

clade	(B1)	is	known	from	Cerro	Azul	in	Loreto,	Peru.	The	southern	clade	(B2)	is	known	139	

from	extreme	southern	Huánuco	(Cerros	del	Sira,	9˚30'S	74˚47'W;	AMNH	820866,	820952),	140	

Pasco,	Junín,	and	Cusco.	The	type	locality	of	comata	is	Vitoc,	Junín	within	the	southern	141	

clade.	Further	investigation	plumage	and	behavioral	is	necessary	to	determine	whether	the	142	

Cerro	Azul	populations	should	be	recognized	as	a	distinct,	new	taxon.	143	

	144	

Pseudopipra	pygmaea	(Zimmer	1936)		 	 	 Huallaga	White-crowned	145	

Manakin	146	

Distribution:	Tropical	forest	of	Lower	Rio	Huallaga	Valley,	Peru	147	

Phylogeneic	Position:	Sister	to	Clade	F	(mtDNA)	148	

Plumage:	Males:	Glossy,	with	black	bases	to	crown	feathers.	Females	are	olive	above	and	149	

gray	below	with	a	band	of	olive	across	the	chest;	crown	and	face	only	slightly	darker	than	150	

back,	not	gray.	Zimmer	(1936)	described	males	as	having	long	crest	with	gray	bases,	crown	151	

sometimes	slightly	ashy;	females	are	much	paler	than	occulta;	throat	and	belly	decidedly	152	

more	whitish,	breast		paler	duller	green;	lighter	even	than	microlopha.	153	

Lek	Vocal	Type:	2	(deeeer)	154	

Call	Vocal	Type:	13	155	

Comment:	Lowland	populations	along	the	Rio	Huallaga	have	been	named	pygmaea	156	

(Zimmer	1936).	Our	four	samples	of	pygmaea	from	Jeberos,	Peru	did	not	yield	sufficient	157	

quality	DNA	for	RADseq,	but	all	four	had	a	phylogenetically	distinct	mtDNA	haplotype	158	

which	placed	this	lineage	as	the	sister	group	to	all	other	lowland	populations	of	159	

Pseudopipra.	These	populations	have	song	type		2,	which	appears	to	be	shared	160	

plesiomorphically	with	P.	discolor	and	P.	microlopha	separabilis	from	Para,	Brazil.	161	

		162	

Pseudopipra	discolor	(Zimmer	1936)	 	 	 	 Napo	White-crowned	163	

Manakin	164	

Distribution:	Tropical	forest	in	Napo,	Ecuador	and	northern	Loreto,	Peru	south	to	the	Rio	165	

Marañón.			166	

Phylogenetic	Position:		Clade	E	(Fig.	3)		167	

Distribution:	Tropical	forest	in	Napo,	Ecuador	south	to	the	Rio	Marañón	168	

Plumage:	Males	are	glossy	black	above,	white	crown	feathers	with	black	or	dark	gray	169	

bases.	Females	are	dusky	olive	overall,	slightly	grayer	on	crown,	and	grayer	belly.	Zimmer	170	

(1936)	described	male	discolor	as	glossier	and	bluer	above	than	pipra.		171	

Lek	Vocal	Type:	2	(deeeer)		172	

Call	Vocal	Type:	13	173	

Comment:	This	lineage	was	found	to	have	both	a	distinct,	unique	history,	with	subsequent	174	

introgression	with	adjacent	populations	of	the	northern	Amazonian	clade.	The	nature	of	175	

this	introgression	indicates	this	lineage	may	be	best	recognized	as	a	distinct	hybrid	species.	176	

	177	

Pseudopipra	pipra	(Linneaus	1758)	 	 	 	 Northern	White-crowned	178	

Manakin	179	

Distribution:	Tropical	forest	of	eastern	Colombia,	southern	Venezuela,	the	Guianas,	and	180	

Brazil	north	of	the	Amazon.	West	to	the	right	(north)	bank	of	the	Rio	Putumayo,	Colombia.		181	

Phylogenetic	Position:	Clade	D	(Fig.	3).	182	
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Plumage:	Males	are	glossy	black	above,	crown	feathers	longer	with	extensive	black	bases.	183	

Females	are	dark	olive	above,	olive	below,	grayer	on	belly,	and	occasionally	only	slightly	184	

darker	gray	on	crown.	185	

Lek	Vocal	Type:	3	(buzzzz)	186	

Call	Vocal	Type:	5	(zeee)	187	

	188	

Pseudopipra	microlopha	(Zimmer	1929)		 	 Southern	White-crowned	189	

Manakin	190	

Distribution:	Tropical	forest	of	eastern	Peru	south	of	the	Rio	Marañón,	and	south	of	the	191	

Amazon	east	to	Pará,	Brazil,	and	subtropical	forests	between	the	Rio	Huallaga	and	Rio	192	

Ucayali		193	

Phylogenetic	Position:		Paraphyletic,	including	Clade	C	without	Clade	C7	(Fig.	3).		194	

Comments:	A	paraphyletic	group	(with	respect	to	P.	cephaleucos	from	Brazilian	Atlantic	195	

forest)	which	includes	three,	currently	recognized	subspecies,	and	four	additional	196	

genetically	well-supported	monophyletic	subgroups	that	may	be	recognized	as	new	taxa.	197	

Furthermore,	we	identified	a	genetically	distinct	montane	clade	from	the	highlands	198	

between	Rio	Huallaga	and	Rio	Ucayali	that	has	not	been	previously	described,	and	may	199	

have	distinct	plumage	and	vocal	characters.			200	

	201	

P.	m.		undescribed	subspecies	202	

Distribution:	Subtropical	forest	from	the	highlands	between	Rio	Huallaga	and	Rio	203	

Ucayali	All	samples	are	from	a	single	locatlity:		77	km	WNW	Contamana,	Loreto,	Peru;	204	

7.08333˚	S,	75.65˚	W).		205	

Phylogenetic	Position:		Clade	C2	(Fig.	3)	206	

Plumage:	Not	examined.	207	

Lek	Vocal	Type:	Unknown	208	

Call	Vocal	Type:	13	209	

	210	

P.	m.	microlopha	(Zimmer	1929)	211	

Distribution:	Eastern	Peru	south	of	the	Rio	Marañón	and	Rio	Huallaga	west	to	Rio	212	

Juruá	and	Rio	Purus,	Brazil.		213	

Phylogenetic	Position:		Apparently	paraphyletic,	Clade	C1	excluding	C2	(Fig.	3)	214	

Plumage:	Males	are	glossy	black	above,	with	black	or	dark	gray	bases	to	white	crown	215	

feathers.	Females	are	dark	olive	above,	occasionally	with	slightly	gray	crown,	olive	216	

below,	and	graying	on	the	belly.		217	

Lek	Vocal	Type:	7	(jeer)	218	

Call	Vocal	Type:	13	219	

	220	

P.	m.		undescribed	subspecies	221	

Distribution:	Right	(east)	bank	of	the	Rio	Purus	to	the	left	(west)	bank	Rio	Madeira		222	

Phylogenetic	Position:		Clade	C3	(Fig.	3)		223	

Plumage:	Not	examined.	224	

Lek	Vocal	Type:	Unknown	225	

Call	Vocal	Type:	13	226	

	227	

P.	m.	undescribed	subspecies	228	
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Distribution:	Right	(east)	bank	of	the	Rio	Madeira	to	the	left	(west)	bank	the	Rio	229	

Tapajos.	230	

Phylogenetic	Position:		(Clade	C4,	Fig.	3)		231	

Plumage:	Not	examined.	232	

Lek	Vocal	Type:	Unknown	233	

Call	Vocal	Type:	13	234	

	235	

P.	m.	undescribed	subspecies	236	

Distribution:	Right	(east)	bank	of	the	Rio	Tapajos	to	the	left	(west)	bank	of	the	Rio	237	

Xingu		238	

Phylogenetic	Position:		Clade	C5	(Fig.	3)	239	

Plumage:	Not	examined.	240	

Lek	Vocal	Type:	6b	241	

Call	Vocal	Type:	13	242	

	243	

P.	m.	separabilis	(Zimmer	1936)	244	

Distribution:	Right	(east)	bank	of	the	Rio	Xingu	east	to	central	and	southern	Pará.		245	

Phylogenetic	Position:		Clade	C6	(Fig.	3)	246	

Plumage:	Males	are	moderately	glossy	above,	crown	long	with	large,	dark	gray	247	

feather	bases.	Predefinitive	male	plumage	light	olive	above,	gray	below,	with	medium	248	

gray	crown.	249	

Females	are	light	olive	above,	light	grayish	below	with	olive	wash	on	the	breast.		250	

Zimmer	(1939)	Zimmer	(1939)	commented	that	adult	males	and	females	not	251	

distinguishable	from	separabilis,	but	he	identified	the	distinct	predefinitive	male	252	

plumage	253	

Lek	Vocal	Type:	2	254	

Call	Vocal	Type:	13	255	

	256	

Pseudopipra	cephaleucos	(Thunberg	1822)	 	 	 Atlantic	White-crowned	257	

Manakin	258	

Distribution:	Tropical	forest	from	Bahia	south	to	northern	Rio	de	Janeiro,	Brazil.			259	

Phylogenetic	Position:	Clade	C7	(Fig.	3)	260	

Plumage:	Males	are	glossy	black	with	a	long	and	slightly	gray	crown.	Crown	feather	have	261	

extensive	dark	gray	bases.	Predefinitive	males	have	olive	backs,	pure	white	or	grayish	262	

white	crowns,	and	slate	gray	on	the	face,	throat,	and	belly.	Females	have	olive	back,	dusky	263	

gray	on	head,	gray	below,	slightly	olive	on	breast,	lighter	on	belly.		264	

Lek	Vocal	Type:	6a	(zeeeee-tonk)	265	

Call	Vocal	Type:	13	266	

	267	

	268	

	269	

Section	2	270	

Additional	results	and	discussion	271	

	272	

Additional	phylogenetic	results	and	comments	on	mutational	spectra	273	

	274	
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At	the	level	the	concatenated	alignments,	the	‘20%	missing’	dataset	had	a	total	of	275	

2,548	132bp	loci	(340,956	sites),	7.92%	missing	sites,	8,063	parsimony	informative	sites,	276	

and	5,709	variable	parsimony-uninformative	sites.	The	’50%	missing’	dataset	had	a	total	of	277	

4,763	132	bp	loci	(626,868	sites),	20.48%	missing	sites,	15,365	parsimony	informative	278	

sites,	and	11,221	variable	parsimony-uninformative	sites.	The	‘80%’	missing	dataset	had	a	279	

total	of	7,907	132	bp	loci	(1,039,632	sites),	38.89%	missing	sites,	24,450	parsimony	280	

informative	sites,	and	17,839	variable	parsimony-uninformative	sites.	Across	these	281	

datasets,	alpha	from	the	GTR+G	model	was	<<	1	(0.069,	SD=6.033×10-4),	indicating	high	282	

among	site	rate	heterogeneity	for	these	ddRAD	loci.	Chi-square	tests	of	base	compositional	283	

heterogeneity	rejected	the	hypothesis	of	compositional	homogeneity	(Chi-sq=	7822.93,	284	

df=702,	P	<<	0.05),	with	slight	bias	observed	on	the	AT-GC	axis	of	compositional	variation	285	

(A:	0.24968,	C:	0.25225,	G:	0.24301,	T:	0.24301,	on	the	largest	80%	dataset).	Maximum	286	

likelihood	estimates	of	transition	rates	were	~8x	transversion	rates	(A<-->G:	7.34	x	G	<-->	287	

T,	C	<-->	T:	8.13	x	G	<-->	T),	as	estimated	in	RAxML.	Estimated	rates	among	other	288	

nucleotide	classes	were	~1	relative	to	the	fixed	G	<-->	T	rate,	suggesting	that	the	available	289	

GTR	model	in	RAxML	is	likely	over-parameterized	for	ddRAD	data.	290	

	291	

Reconstruction	of	mitochondrial	ND2	gene	tree	292	

	293	

	 After	obtaining	mitochondrial	DNA	sequences	for	168	individuals	(Supplementary	294	

Table	1),	we	aligned	these	sequences	using	MAAFT	(Standley	and	Katoh	2013).	The	295	

alignment	was	visually	inspected	in	Sequencher	(Gene_Codes_Corporation	2010),	and	then	296	

analyzed	in	IQ-TREE	1.6.10	(Schmidt	et	al.	2014,	Chernomor	et	al.	2016,	Trifinopoulos	et	al.	297	

2016,	Hoang	et	al.	2017,	Kalyaanamoorthy	et	al.	2017).	We	partitioned	by	codon	position	298	

and	generated	a	maximum	likelihood	tree	using	the	MFP+MERGE	model	search	and	299	

partitioning	option,	with	1000	ultrafast	bootstrap	replicates.	MFP+MERGE	detected	that	an	300	

optimal	scheme	comprised	of	three	partition-models	for	each	of	the	three	codon	positions	301	

(CP1:	TIM2+F+I;	CP2:					TIM2+F+G4;	CP3:	TIM2+F+G4).	Nodes	recovered	with	ultrafast	302	

bootstrapped	<	95	were	collapsed.	The	recovered	topology	was	entirely	congruent	with	the	303	

topology	presented	in	the	main	text	as	derived	from	ddRAD	data,	with	a	few	exceptions	304	

(Supplementary	Figure	14).	Our	mtDNA	dataset	included	individuals	from	subspecies	305	

coracina	and	pygmaea	which	were	derived	from	low	quality	tissue	samples	(and	hence	306	

were	not	suitable	for	ddRAD	sequencing).	This	enabled	us	to	make	a	preliminary	307	

assessment	of	their	phylogenetic	affinities	(main	text),	though	nuclear	genomic	data	should	308	

be	collected	in	future	studies.	Notably,	the	introgressed	western	Napo	lineage	has	mtDNA	309	

haplotypes	which	are	members	of	the	southern	amazon	clade	(BS	98),	which	is	consistent	310	

with	the	scenario	of	hybrid	origin	and	introgression	we	develop	in	the	main	text.	Because	311	

mtDNA	is	inherited	matrilineally,	a	potential	implication	of	this	pattern	is	that	the	312	

introgressed	Napo	lineage	(S2a/S2	in	Figure	6)	was	created	when	southern	progenitor	313	

females	were	introgressed	with	northern	males.	314	

	315	

Reconstruction	of	ancestral	elevational	habit	316	

	317	

	 We	performed	a	Bayesian	stochastic	character	mapping	analysis	(Huelsenbeck	et	al.	318	

2003,	Bollback	2006)	to	estimate	the	ancestral	habit	of	Pseudopipra.	In	brief,	we	coded	319	

lineages	as	montane	(>1000m)	or	lowland	(<	1000m),	applied	a	bi-directional	Mk	model	320	
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(‘ARD’)	and	performed	100	simulations	(see	supplemental	R	code)	using	the	RAxML	321	

topology.	We	used	the	SIMMAP	implementation	in	phytools	(Revell	2012).	These	analyses	322	

unambiguously	reconstructed	the	ancestral	habit	of	Pseudopipra	to	be	montane.	323	

	324	

STRUCTURE	-	additional	results	325	

	326	

The	Evanno	method	applied	to	the	whole	dataset	detected	a	significant	shift	in	the	327	

rate	of	change	of	the	log	probability	of	the	data	between	K1	and	K2,	indicating	a	deep	328	

hierarchical	split	in	the	data.	As	STRUCTURE	infers	the	degree	of	admixture	among	329	

individuals,	this	assignment	is	not	directly	comparable	to	K-means	phenetic	cluster	330	

solutions,	which	lump	individuals	categorically	based	on	overall	genetic	similarity.	That	331	

said,	there	was	broad	overlap	in	cluster	assignment.	332	

	333	

Descriptive	Population	Genetic	Statistics	–	methods	334	

	335	

For	population	genetic	statistics,	we	considered	eighteen	population-areas	(Figure	336	

3,	4).	Most	of	these	populations	are	delimited	by	clear	geographic	barriers	(e.g.,	rivers	in	337	

the	cases	of	previously	identified	areas	of	endemism,	the	Andes,	or	the	Cerrado	belt)	and	338	

have	strong	phylogenetic	support.	Two	subgroups	within	the	broad	Northern	Amazonian	+	339	

Guiana	Shield	lowland	clade	were	defined	on	the	basis	of	low-support	monophyly	in	the	340	

RAxML	analysis	and	coincidence	with	geographic	features.	One	of	these	comprised	341	

individuals	unambiguously	assigned	to	northern	Amazonian	clade	in	phylogenetic	analysis,	342	

but	which	were	also	restricted	to	the	eastern	Napo	area	of	endemism,	east	of	the	Rio	343	

Putumayo	(brown	dots	in	Figures	3,	4,	‘weakly	resolved	eastern	Napo’	–	abbreviated	in	R	344	

code	and	Supplementary	Figures	as	‘GSNapo’).	The	second	comprised	individuals	found	345	

near	the	coasts	in	Suriname	and	the	Brazilian	state	of	Amapá,	east	of	the	Essequibo	river	346	

(pale	blue	dots	in	Figures	3,	4:	‘Suriname	+	Amapá’	–	abbreviated	in	R	code	and	347	

Supplementary	Figures	as	‘GSSR’).	Another	subgroup	was	defined	on	the	basis	of	348	

restriction	to	the	Jaú	area	of	endemism	(pale	yellow	dots	in	Figures	3,	4:	‘unresolved	Jaú’	–	349	

abbreviated	in	R	code	and	Supplementary	Figures	as	‘GSImeri’).	Lastly,	a	fourth	group	of	350	

individuals	included	all	other	individuals	in	the	lowland	northern	Amazon	clade,	restricted	351	

to	the	Guiana	Shield	(green	dots	in	Figure	3,	4:	‘weakly	resolved	Guiana	Shield’	–	352	

abbreviated	in	R	code	and	Supplementary	Figures	as	‘GS’),	comprising	individuals	east	of	353	

the	Jaú	group	(above),	and	west	of	those	in	the	Suriname	+	Amapá	group.	The	primary	354	

geographic	barriers	in	this	region	separating	western	and	eastern	Guiana	Shield	355	

populations	seems	to	be	the	Guiana	Highlands,	which	is	where	tepuis	are	found,	as	well	as	356	

the	Essequibo	river.	357	

For	these	descriptive	analyses,	we	focus	on	the	aforementioned	eighteen	areas	as	358	

units	of	comparison	because	focusing	on	broader	populations	delimited	by	cluster	analyses	359	

would	likely	generate	statistics	biased	by	population	sub-structure—i.e,	lower	than	360	

expected	heterozygosities	(Wahlund	1928).	Further,	groups	delimited	by	broader	cluster	361	

assignments	may	be	more	reflective	of	ancestral	populations,	and	therefore	not	indicative	362	

of	presently	restricted	groups	(ie,	inappropriately	moving	migrants	back	to	their	source	363	

populations,	Kuhner	2006).	Statistics	were	calculated	using	dataset	2,	as	this	includes	that	364	

largest	number	of	putatively	unlinked	markers	(the	first	SNP	from	each	of	2,581	ddRAD	365	

loci),	unless	otherwise	indicated.	366	
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To	estimate	a	measure	of	genetic	diversity	across	these	sampling	regions,	we	367	

calculated	the	rarefied	allelic	richness	per	population	(restricted	to	populations	comprising	368	

>	5	individuals)	using	the	allelic.richness	function	in	the	hierfstat	R	package	(Goudet	2005),	369	

after	removing	all	sites	with	missing	genotypes	(Supplemental	R	Script).	370	

We	also	calculated	the	inbreeding	coefficient	FIS,	defined	as	(HS	–	HI)/HS,	where	HI	is	371	

the	mean	expected	heterozygosity	per	individual	within	subpopulations,	and	HS	is	the	372	

mean	expected	heterozygosity	within	random	mating	populations	(Goudet	2005).	We	373	

generated	100,000	bootstrapped	estimates	of	FIS,	sampling	over	loci	per	population,	using	374	

the	boot.ppfis	function	in	hierfstat	(Goudet	2005).	For	recently	hybrid	individuals,	F1s	375	

should	be	more	outbred	(relative	heterozygosity)	than	their	parental	genotypes.	We	tested	376	

the	hypothesis	that	the	introgressed	western	Napo	population	is	composed	of	recently	377	

introgressed	individuals	by	estimating	the	inbreeding	coefficient	for	a	simulated	F1	378	

population,	comprised	of	the	progenitor	lineages	discussed	in	the	main	text.	We	generated	379	

a	simulated	F1	population	using	the	hybridize	function	in	adegenet	(Jombart	2008),	and	380	

then	estimated	it’s	inbreeding	coefficient	as	described	above	to	compare	to	empirical	381	

estimates	from	source	populations.	382	

To	perform	a	preliminary	assessment	of	the	potential	for	evolutionary	processes	383	

deviating	from	the	assumptions	of	Hardy-Weinberg	equilibrium,	we	applied	the	hw.test	384	

function	in	the	pegas	R	package	(Paradis	2010)	with	1000	Monte	Carlo	permutations	of	385	

alleles	to	compute	an	exact	p	value	for	each	locus	within	each	population.	To	assess	the	386	

assumption	of	linkage	intrinsic	to	most	model-based	analyses	in	this	study,	we	computed	387	

the	Standardized	Index	of	Association	!̅# 	(Brown	et	al.	1980,	Agapow	and	Burt	2001)	388	

within	populations	using	the	poppr	summary	function	in	the	poppr	R	package	(Kamvar	et	389	

al.	2014),	and	estimated	p	values	with	1000	permutations.	We	estimated	pairwise	Weir	and	390	

Cockerham’s	(Weir	and	Cockerham	1984)	Fst	among	all	18	areas,	and	evaluated	391	

significance	using	1000	bootstrapped	datasets	to	estimate	95%	confidence	intervals	using	392	

the	‘assigner’	R	package	(Gosselin	et	al.	2016).	393	

Lastly,	we	quantified	differentiation	among	two	hierarchical	strata	recapitulating	1)	394	

deep	coalescent	structure	(6	groups	as	identified	by	SVDquartets	(~K5	from	STRUCTURE	+	395	

putative	introgressed	Napo	hybrids	as	a	separate	group),	and	2)	populations	identified	in	396	

phylogenetic	analyses	which	coincide	with	geographic	barriers	(18	groups),	with	analysis	397	

of	molecular	variance	(AMOVA)	(Excoffier	et	al.	1992).	We	used	the	poppr.amova	wrapper	398	

function	in	the	poppr	R	package	(Kamvar	et	al.	2014)	to	perform	AMOVA	on	adegenet	399	

genind	objects,	set	to	use	the	ade4	implementation	of	AMOVA	with	1000	permutations	to	400	

assess	significance.	For	AMOVA	calculations	we	used	dataset	1,	to	minimize	within	401	

individual	variance.		402	

	403	

Descriptive	population	genetic	statistics	–	results	404	

	405	

Missing	data	(dataset2)	was	quite	low	across	areas	(mean:	~9.5%,	SD:	5.3%	and	406	

ranged	from	~2.4%	(Jaú	subgroup	of	the	Guiana	Shield	clade)	to	a	maximum	of	20.5%	407	

(Costa	Rica,	though	this	was	somewhat	of	an	outlier	–	75%	of	these	areas	had	less	than	408	

13%	missing	data	overall).	Despite	the	fact	that	our	sampling	scheme	among	areas	409	

delimited	by	geographic	boundaries	had	high	variance	relative	to	the	mean	(mean:	12.94	[1	410	

-	70],	SD:	16.95284,	CoV:	1.31),	the	sum	rarefied	estimates	of	allele	counts	in	each	of	13	411	

areas	(with	>	5	individuals,	and	after	filtering	out	all	sites	with	missing	genotypes)	were	412	
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similar.	For	dataset	2	(2581	SNPs):	mean	number	of	alleles:	297.76,	SD:	6.44,	CoV:	0.022.	413	

The	greatest	allelic	diversity	was	found	in	the	Jaú	(n=14,	305.75	alleles)	and	introgressed	414	

western	Napo	population	(n=10,	303.8	alleles).	The	lowest	allelic	richness	was	found	to	be	415	

in	the	Rio	(n=10,	287.15)	and	Bahia	(n=6,	285.48	alleles)	Atlantic	Forest	populations,	416	

followed	closely	by	Panamanian	populations	(n=5,	292	alleles).	These	results	are	generally	417	

consistent	with	our	EEMS	analysis	(Supplementary	Figure	12).	Summary	table	below:	418	

	 	 	 	419	

Population	 Alleles	

Atlantic	Forest	(Bahia)	 285.4848			

Atlantic	Forest	(Rio)	 287.1516			

Central	America	(Panama)	 292.0000			

South	Andean	Peru	(South)	 294.0000			

Eastern	Inambari	endemic		 297.4178			

Xingu	endemic	 297.5155			

Weakly	resolved	Guiana	Shield	(western)	 299.4562			

Weakly	resolved	Suriname	+	Amapá	 299.5588	

Inambari	endemic	(western)	 302.4655			

Weakly	resolved	eastern	Napo	 302.4864			

Tapajós	endemic	 303.7529			

Western	Napo	introgressed	lineage	 303.7964			

Unresolved	Jaú	 305.7571	

	420	

Most	populations	were	detected	to	be	significantly	inbred	(FIS	>	1,	Supplementary	421	

Figure	9),	with	lower	95%	confidence	intervals	>	0.	Panamanian,	Costa	Rican,	South	422	

Andean	(North	clade),	Rondônia,	and	Espírito	Santo	clades	had	95%	confidence	intervals	423	

which	overlapped	zero,	and	thus	cannot	be	confidently	inferred	to	have	positive	or	424	

negative	FIS.	The	simulated	F1	population,	however,	did	have	significantly	negative	FIS,	as	425	

predicted.	This	pattern	implies	that	the	introgressed	western	Napo	population,	which	was	426	

detected	to	have	a	significantly	positive	FIS,	is	not	likely	to	include	recently	introgressed	427	

individuals.	Indeed,	the	confidence	intervals	for	eastern	Napo,	Jaú,	Inambari	and	western	428	

Napo	popularions,	are	generally	overlapping,	with	similar	means	(mean	of	mean	estimates	429	

~0.17,	SD	of	mean	estimates	~0.02,	Supplementary	Figure	9).	430	

Pairwise	population	estimates	of	Weir	and	Cockerham’s	Fst	ranged	from	essentially	431	

undifferentiated,	to	almost	entirely	distinct.	At	the	most	extreme:	comparing	the	432	

geographically	proximate	eastern	Napo	and	Jaú	populations	(both	weakly	resolved	in	433	

phylogenetic	analyses,	but	likely	sister)	--Fst:	0.0045.	By	contrast,	comparing	an	Atlantic	434	

forest	Espírito	Santo	population	to	a	population	in	Panama	indicates	an	Fst	of	0.81,	or	435	

almost	entirely	differentiated.	Overall,	population	average	Fst	was	very	high:	0.196	[0.188-436	

0.204]	(Supplementary	Figure	10).	437	

After	correcting	for	multiple	tests	with	the	Benjamin	&	Hochberg	correction,	exact	438	

tests	of	Hardy-Weinberg	equilibrium	suggested	most	loci	in	most	populations	were	in	439	

equilibrium.	However,	a	small	number	of	loci	in	the	western	Guiana	group	(123	loci),	440	

Suriname+Amapá	(53	loci)	and	Tapajós	(14	loci)	areas	were	identified	as	being	out	of	441	

Hardy-Weinberg	equilibrium.	Estimates	of	!̅# 	within	these	populations	indicated	that	there	442	



 11 

was	no	strong	evidence	of	linkage	among	loci	within	populations,	except	for	the	Tapajós	443	

area,	in	which	weak	linage	was	detected	(!̅#:	0.005956,	p=	0.000999).	444	

Lastly,	an	AMOVA	detected	significant	population	differentiation	at	all	evaluated	445	

levels,	including	between	coalescent	units	(well	supported	clades	form	SVDquartets)	446	

(~32%)	and	between	samples	within	coalescent	units	(~5%)	(p	<	0.001	for	all).	Re-447	

running	the	same	AMOVA	with	evolutionary	distances	estimated	with	RAxML	branch	448	

lengths	(instead	of	the	default	allelic	distance)	indicated	the	same	pattern,	but	with	more	of	449	

the	variance	explained	by	coalescent	and	population	level	strata	(41.3%	and	12.6%	450	

respectively).	Both	AMOVA	analyses	detected	a	significant	proportion	of	the	variance	451	

attributable	to	within	sample	variance	(62%	and	46%	respectively).	452	

	453	

Isolation	by	distance	and	the	effect	of	geography	454	

	455	

The	evolutionary	history	of	Pseudopipra	within	the	Amazon	basin	appears	to	be	456	

deeply	connected	to	the	South	American	landscape,	adding	additional	support	to	a	rich	457	

body	of	literature	endorsing	this	hypothesis	(Cracraft	and	Prum	1988,	Brumfield	2012).	458	

For	virtually	all	evaluated	cases,	we	find	significant	effects	of	geographic	barriers	on	459	

structuring	genetic	variation	within	this	species	complex,	including	the	Amazon	River	and	460	

most	associated	tributaries	(Supplementary	Table	2b	and	Figure	7).	Further	afield,	the	461	

‘dry-diagonal’	Cerrado	belt	appears	to	have	strongly	isolated	Atlantic	Forest	lineages	from	462	

their	southeastern	Amazonian	Xingu	relatives,	as	do	the	Andes	exhibit	a	disproportionate	463	

effect	on	divergence	between	Peruvian	foothills	populations	and	Central	American	lineages	464	

(with	the	caveat	that	our	sampling	in	that	area	is	sparse,	so	our	power	to	infer	spatial	465	

patterns	is	necessarily	limited).	466	

The	establishment	of	the	Amazonian	river	system	has	recently	been	questioned	as	a	467	

driver	of	species—level	variation	across	key	areas	in	the	Neotropics	(Oliveira	et	al.	2017,	468	

Santorelli	et	al.	2018).	These	recent	studies	used	distributional	data	to	infer	the	effects	of	469	

key	proposed	barriers	and	concluded	that	while	large	rivers	clearly	limit	some	Amazonian	470	

species—the	large	number	of	exceptions	to	this	‘rule’	point	towards	alternative	speciation	471	

mechanisms	as	the	norm,	rather	than	as	the	exception.	Indeed,	rivers	can	plausibly	function	472	

as	contemporary	species	limits	without	being	the	source	of	such	limits	(Santorelli	et	al.	473	

2018).	In	the	case	of	Pseudopipra,	river	barriers	have	clearly	contributed	to	contemporary	474	

patterns	of	genetic	diversity,	regardless	of	whether	or	not	the	formation	of	the	Amazonian	475	

drainage	system	was	the	primary	driver	of	generating	that	diversity.	Importantly,	studies	476	

which	rely	on	distributional	data	alone	are	limited	in	that	their	statistical	power	is	entirely	477	

contingent	on	the	accuracy	of	species	and	subspecies	delimitation.	In	the	biogeographic	478	

context	of	the	Amazon,	this	is	likely	to	be	enormously	underestimated	for	birds	(Brumfield	479	

2012,	Smith	et	al.	2014).	This	fundamental	limitation	in	our	knowledge	of	cryptic	avian	480	

diversity	is	therefore	likely	to	bias	inferences	derived	from	distributional	data,	which	is	481	

based	on	mostly	untested	species	limits.	Indeed,	most	studies	that	use	genetic	data	to	482	

investigate	the	effect	of	river	or	other	physical	barriers	in	structuring	Neotropical	avian	483	

diversity	have	inferred	strong,	though	varying	effects	(e.g.	Moore	et	al.	2008,	Harvey	and	484	

Brumfield	2015,	Naka	and	Brumfield	2018).	485	

A	number	of	authors	have	also	noted	that	the	practice	of	identifying	genetic	clusters	486	

with	model	based	approaches	often	fail	to	appropriately	account	for	the	effects	of	isolation	487	

by	distance	(Guillot	et	al.	2013),	and	various	methods	are	in	development	to	improve	our	488	



 12 

ability	to	model	such	correlated	phenomena	(Bradburd	et	al.	2013,	Botta	et	al.	2015,	489	

Petkova	et	al.	2015,	Bradburd	et	al.	2017).	STRUCTURE	in	particular	has	been	highlighted	490	

as	potentially	suffering	from	over-estimating	K	as	a	consequence	of	spatial	autocorrelation	491	

in	widely	distributed	genetic	data	(Bradburd	et	al.	2017).	Our	STRUCTURE	analysis	492	

appears	to	exhibit	this	behavior	for	the	southern	Amazon,	with	a	genetic	cline	of	admixture	493	

that	falls	on	a	longitudinal	gradient	across	the	southern	Amazon	and	ends	in	the	well	494	

differentiated	Atlantic	Forest	Rio	population.	While	it	is	plausible	that	isolation	by	distance,	495	

combined	with	physical	barriers	to	gene	flow,	could	generate	a	similar	pattern	(as	implied	496	

by	our	phylogenetic	analyses),	it	is	important	to	keep	this	caveat	in	mind	when	interpreting	497	

STRUCTURE	results.	For	example,	STRUCTURE	may	suggest	that	a	scenario	of	K2	with	an	498	

admixture	gradient	between	two	populations	is	preferred,	when	K1	with	an	isolation	by	499	

distance	effect	may	be	a	better	description	and	more	biologically	plausible	model	for	the	500	

data	(Bradburd	et	al.	2017).	The	degree	to	which	this	kind	of	spatial	autocorrelation	501	

confounds	STRUCTURE-like	analyses	at	large	remains	an	open	and	important	area	of	502	

inquiry.	Our	EEMS	analysis	attempts	to	circumvent	this	issue	entirely,	assuming	a	more	503	

biologically	realistic	process	of	continuous	differentiation	across	a	heterogeneous	504	

landscape,	however	it	does	not	provide	unambiguous	insight	into	hypotheses	of	species	505	

delimitation.	506	

	507	

Notes	on	congruent	patterns	with	Ceratopipra	508	

	509	

Within	the	manakins,	a	recent	molecular	phylogeny	(Ohlson	et	al.	2013)	placed	510	

Pseudopipra	as	sister	to	the	genus	Ceratopipra,	which	includes	five	well-recognized	species	511	

that	are	extensively	codistribtuted	with	Pseudopipra.	The	breakpoints	among	these	512	

Ceratopipra	species	are	highly	concordant	with	the	breakpoints	among	the	genetic	clusters	513	

within	the	Pseudopipra	complex	that	we	have	presented	here,	implying	that	these	taxa	have	514	

many	components	of	their	phylogeographic	history	in	common.	Pesudopipra	is	the	Andean	515	

sister	group	to	the	lowland	Ceratopipra,	which	has	itself	expanded	into	montane	habitats	516	

twice	(corunta	and	chloromeros).	By	contrast,	Pseudopipra	expanded	from	the	Andes	into	517	

the	lowlands.	518	

Ceratopipra	erythrocephala	is	distributed	in	the	northern	Amazon,	and	C.	519	

rubrocapilla	has	a	range	encompassing	the	southern	Amazon	and	the	Atlantic	Forest.	C.	520	

mentalis	is	distributed	in	Central	America	and	south-ward	into	the	Chocó	and	the	western	521	

edges	of	Columbia	and	Ecuador	C.	chloromeros	has	a	narrow	distribution	in	the	lower	522	

montane	forests	of	the	southern	Peruvian	and	northern	Bolivia	Andes.	The	distributions	of	523	

C.	erythrocephala	and	rubrocapilla	are	extensively	with	the	Guianan	Shield	and	Southern	524	

Amazonian	clades	of	Pseudopipra.	However,	the	Pseudopipra	radiation	also	has	some	525	

important	differences	from	Ceratopipra.	C.	cornuta	is	distributed	in	montane	forests	of	526	

tepuis	in	Venezuela	and	western	Guyuna,	at	altitudes	where	Pseudopipra	does	not	occur.	In	527	

contrast,	Pseudopipra	has	extensive	montane	populations	in	the	Andes	from	Peru	to	528	

Colombia,	and	C.	chloromeros	is	only	distributed	in	the	easterns	slope	of	the	Andes	in	Peru	529	

and	Bolivia.	C.	mentalis	is	found	in	lowland	tropical	forest	at	lower	altitudes	than	the	lower	530	

montane	populations	of	Pseudopipra	in	Central	America.	Furthermore,	the	Chocó	531	

population	of	Pseudopipra	is	also	lower	montane	in	distribution,	and	not	continuous	with	532	

Central	America.	Lastly,	the	phylogenetic	relationships	among	the	differentiated	lineages	of	533	

Ceratopipra	and	Pseudopipra	are	not	congruent.	In	Ceratopipra,	the	northern	and	southern	534	
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Amazonian	lineages	are	not	sister	taxa.	Rather,	the	northern	Amazonian	erythrocephala	is	535	

sister	to	the	Central	American	and	Chocó	mentalis,	and	southern	Amazonian	rubrocapilla	is	536	

sister	to	the	Andean	chloromeros	(Ohlson	2013).		537	

	538	

Vocal	variation	539	

	540	

	Pseudopipra	vocalizations	have	1-3	buzzy	or	tonal	notes.	We	measured:	1)	starting	541	

frequency,	2)	ending	frequency,	3)	minimum	frequency,	4)	maximum	frequency,	5)	number	542	

of	notes,	and	6)	duration	of	the	entire	vocalization	(see	Supplementary	Figure	13).	To	543	

obtain	a	conservative	estimate	of	the	number	of	individuals	sampled,	we	took	544	

measurements	of	one	vocalization	from	each	recording.	When	there	were	multiple	545	

recordings	by	the	same	recordist	on	the	same	day	and	location,	only	one	of	the	recordings	546	

was	measured.	Some	recordists	raised	the	possibility	that	the	tonal	notes,	particularly	the	547	

‘tonk’	in	vocal	type	1,	may	be	a	mechanical	sound,	but	further	research	is	required	to	548	

determine	which	sounds	are	vocalizations	and	which	are	mechanical	sonations.	We	549	

performed	principal	components	analysis	(PCA)	and	logistic	regression	on	the	vocal	550	

measurements	to	test	for	significant	differences	between	the	vocal	types	and	to	reduce	the	551	

dimensionality	of	the	data	for	comparison	to	results	from	analysis	of	genetic	data.	The	PCA	552	

analysis	was	performed	using	the	princomp	function	and	the	logistic	regression	was	553	

performed	using	the	glm	function,	both	in	the	stats	R	package	(R_Core_Team	2018).	The	554	

geographic	distribution	of	each	vocal	type	was	assessed	using	latitude	and	longitude	555	

coordinates	included	in	the	metadata	of	each	recording.	When	no	coordinates	were	556	

available,	we	determined	latitude	and	longitude	based	on	the	description	of	the	locality.	557	

Because	no	sound	records	were	directly	associated	with	genetic	samples	in	this	study,	we	558	

used	geographic	proximity	to	vocalization	recordings	and	localization	to	areas	of	559	

endemism	or	areas	bounded	by	clear	physical	barriers	to	associate	vocal	types	to	genetic	560	

samples.	This	approach	assumes	that	genetically	and	geographically	proximate	individuals	561	

are	likely	to	share	the	same	vocal	type	and	enabled	us	to	perform	a	preliminary	assessment	562	

of	how	variation	in	vocalizations	maps	onto	existing	genetic	variation.	Testing	the	fine-563	

scale	association	of	genetic	and	vocalization	boundaries	will	require	extensive	field	564	

sampling	of	both	traits	from	individual	manakins.	565	

	566	

	567	

	568	

	569	

	570	

	571	

	572	

	573	

	574	
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	576	

	577	
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Supplementary	Table	2a.	Results	from	Mantel	tests	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



Supplementary Table 2a.
Region locality code mantel r two-tailed p lower 2.5% limit upper 97.5% limit log.d perm significant (p < 0.001)
Full dataset 0.748 0.0001 0.729 0.763 F 10000 *
Central America - Costa Rica CACR 0.459 0.2551 0.017 1.000 F 10000 -
Central America - Panama CAPA 0.694 0.1019 0.021 0.921 F 10000 -
North Andean – Maraño ́n CAMA NA NA NA NA F 10000 -
South Andean Peru (North) CPN -0.261 1 -0.261 -0.261 F 10000 -
South Andean Peru (South) CPS 0.816 0.0993 0.618 0.998 F 10000 -
weakly resolved Guiana Shield GS 0.099 0.0947 0.058 0.134 F 10000 -
unresolved Jaú GSIMERI 0.096 0.243 0.043 0.166 F 10000 -
weakly resolved eastern Napo GSNAPO 0.313 0.0513 0.177 0.560 F 10000 -
weakly resolved Suriname + Amapá GSSR 0.069 0.2483 0.032 0.121 F 10000 -
Western Napo introgressed lineage PH 0.508 0.017 0.340 0.754 F 10000 -
Western Inambari endemic INAMBARI 0.608 0.001 0.382 0.848 F 10000 *
Eastern Inambari endemic INAMBARIE 0.004 0.981 -0.196 0.244 F 10000 -
Rondônia endemic RONDONIA NA NA NA NA F 10000 -
Tapajo ́s endemic TAPAJOS 0.250 0.0148 0.182 0.313 F 10000 -
Xingu endemic XINGU 0.079 0.8572 -0.170 0.275 F 10000 -
Atlantic Forest − Bahia AFBAHIA 0.484 0.0173 0.173 0.804 F 10000 -
Atlantic Forest − Espiŕito Santo AFES NA NA NA NA F 10000 -
Atlantic Forest − Rio AFRIO 0.701 0.0007 0.615 0.782 F 10000 *

Region locality code mantel r two-tailed p lower 2.5% limit upper 97.5% limit log.d perm significant (p < 0.001)
Full dataset 0.391 0.0001 0.379 0.401 T 10000 *
Central America - Costa Rica CACR 0.459 0.253 0.017 1.000 T 10000 -
Central America - Panama CAPA 0.519 0.2532 0.021 0.919 T 10000 -
North Andean – Maraño ́n CAMA NA NA NA NA T 10000 -
South Andean Peru (North) CPN -0.261 1 -0.261 -0.261 T 10000 -
South Andean Peru (South) CPS 0.810 0.032 0.669 0.998 T 10000 -
weakly resolved Guiana Shield GS 0.091 0.0022 0.063 0.119 T 10000 -
unresolved Jaú GSIMERI 0.536 0.0001 0.319 0.684 T 10000 *
weakly resolved eastern Napo GSNAPO 0.313 0.0479 0.161 0.574 T 10000 -
weakly resolved Suriname + Amapá GSSR 0.065 0.1054 0.026 0.117 T 10000 -
Western Napo introgressed lineage PH 0.248 0.091 0.102 0.407 T 10000 -
Western Inambari endemic INAMBARI 0.714 0.0008 0.499 0.952 T 10000 *
Eastern Inambari endemic INAMBARIE -0.004 0.9801 -0.304 0.213 T 10000 -
Rondônia endemic RONDONIA NA NA NA NA T 10000 -
Tapajo ́s endemic TAPAJOS 0.247 0.0011 0.115 0.353 T 10000 -
Xingu endemic XINGU 0.079 0.854 -0.112 0.275 T 10000 -
Atlantic Forest − Bahia AFBAHIA 0.481 0.0693 0.298 0.885 T 10000 -
Atlantic Forest − Espiŕito Santo AFES NA NA NA NA T 10000 -
Atlantic Forest − Rio AFRIO 0.747 0.0012 0.676 0.912 T 10000 -



	
Supplementary	Table	2b.	Results	from	partial	Mantel	tests	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



Supplementary Table 2b.
Approximate Barrier Comparison (populations) partial mantel r two-tailed p lower 2.5% limit upper 97.5% limit log.d perm significant (p < 0.001)
Cordillera de Talamanca Costa Rica vs Panama -0.159 0.2972 -0.267 0.155 F 10000 -
Andes (1) Central America vs Marañón -0.591 0.0967 -0.729 -0.434 F 10000 -
Andes (2) Central America vs (Marañón + South Andean Peru) 0.041 0.4030 -0.248 0.137 F 10000 -
Andes (3) Central America vs (Everything else) -0.267 0.0001 -0.295 -0.229 F 10000 *
Rio Ucayali  South Andean Peru vs Inambari -0.906 0.0001 -0.940 -0.872 F 10000 *
Eastern Marañón + Hauallaga Rivers Introgressed western Napo vs Inambari -0.896 0.0001 -0.917 -0.878 F 10000 *
Rio Putumayo Introgressed western Napo vs eastern Napo -0.744 0.0001 -0.826 -0.702 F 10000 *
Rio Purus Western Inambari vs eastern Inambari -0.603 0.0001 -0.720 -0.044 F 10000 *
Rio Madeira Eastern Inambari vs Rondônia -0.550 0.0001 -0.697 -0.129 F 10000 *
Rio Tapajós Rondônia vs Tapajo ́s -0.175 0.0441 -0.233 -0.114 F 10000 -
Rio Xingu Tapajós vs Xingu -0.318 0.0004 -0.383 -0.240 F 10000 *
Cerrado (1) All pooled pops vs pooled Atlantic Forest -0.183 0.0008 -0.229 -0.112 F 10000 *
Cerrado (2) Xingu vs Bahia -0.565 0.0001 -0.609 -0.434 F 10000 *
Rio Japurá Eastern Napo vs Jaú -0.151 0.0146 -0.297 -0.109 F 10000 -
Rio Negro Jaú vs central Guiana Shield -0.053 0.3107 -0.088 -0.012 F 10000 -
Rio Essequibo central Guiana Shield vs eastern Guiana shield -0.350 0.0001 -0.391 0.060 F 10000 *
Rio Amazonas All pooled lowland N vs all pooled lowland S -0.912 0.0001 -0.918 -0.907 F 10000 *

Approximate Barrier Comparison (populations) partial mantel r two-tailed p lower 2.5% limit upper 97.5% limit log.d perm significant (p < 0.001)
Cordillera de Talamanca Costa Rica vs Panama -0.744 0.0001 -0.802 -0.693 T 10000 *
Andes (1) Central America vs Marañón -0.996 0.0001 -0.997 -0.963 T 10000 *
Andes (2) Central America vs (Marañón + South Andean Peru) -0.829 0.0001 -0.942 -0.781 T 10000 *
Andes (3) Central America vs (Everything else) -0.464 0.0001 -0.495 -0.420 T 10000 *
Rio Ucayali  South Andean Peru vs Inambari -0.910 0.0001 -0.938 -0.883 T 10000 *
Rio Marañón + Solimões Introgressed western Napo vs Inambari -0.880 0.0001 -0.900 -0.862 T 10000 *
Rio Putumayo Introgressed western Napo vs eastern Napo -0.900 0.0001 -0.941 -0.884 T 10000 *
Rio Purus Western Inambari vs eastern Inambari -0.833 0.0001 -0.863 -0.811 T 10000 *
Rio Madeira Eastern Inambari vs Rondônia -0.751 0.0001 -0.814 -0.650 T 10000 *
Rio Tapajós Rondônia vs Tapajo ́s -0.316 0.0001 -0.388 -0.211 T 10000 *
Rio Xingu Tapajós vs Xingu -0.703 0.0001 -0.754 -0.655 T 10000 *
Cerrado (1) All pooled pops vs pooled Atlantic Forest -0.721 0.0001 -0.745 -0.702 T 10000 *
Cerrado (2) Xingu vs Bahia -0.934 0.0001 -0.952 0.070 T 10000 *
Rio Japurá Eastern Napo vs Jaú -0.399 0.0001 -0.490 -0.329 T 10000 *
Rio Negro Jaú vs central Guiana Shield -0.036 0.4825 -0.069 0.001 T 10000 -
Rio Essequibo central Guiana Shield vs eastern Guiana shield -0.470 0.0001 -0.503 -0.444 T 10000 *
Rio Amazonas All pooled lowland N vs all pooled lowland S -0.915 0.0001 -0.921 -0.911 T 10000 *



Supplementary	Table	3:	Song	measures	(separate	file)	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



Supplementary	Table	4:	Song	recording	metadata	(separate	file)	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	



Supplementary	Table	5:	G-PhoCS	parameters	
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Supplementary	Figure	1.	GBIF	occurrence	records.		
Here,	we	plot	all	GBIF	occurrence	records	at	the	time	of	writing	(in	black)	with	our	
sampling	localities	(in	red).	The	BirdLife	approximate	range	map	is	shown	in	light	green,	
and	our	modifications	to	this	map	are	shown	in	pink	to	account	for	major	inaccuracies	in	
the	available	genus	range	map.	This	figure	is	provided	primarily	to	illustrate	that	the	
BirdLife	range	map	is	inaccurate	in	the	western	Amazon,	in	Loreto,	Peru,	where	our	
analyses	detect	an	introgressed	hybrid	lineage.	
	
	
	





Supplementary	Figure	2.	K-means	clustering	of	SNP	data	
In	this	figure,	the	PCoA	projections	of	the	SNP	data	are	indicated	on	the	top	row,	with	
minimum	convex	hulls	(minimum	implied	range)	and	plotting	symbols	indicating	the	
optimal	K-means	K5	clustering	solution.	PCoA	explained	13-17%	of	the	variance	in	the	SNP	
data	on	the	first	two	axes,	and	K-means	clustering	assignments	derived	from	each	dataset	
recovers	nearly	identical	population	assignments.	Clustering	of	dataset	1	(1960	SNPs,	0.05	
MAF)	was	identical	to	the	clustering	solutions	for	datasets	2	and	3,	except	for	the	
assignment	of	one	important	individual	(5444.PE.MAR),	which	links	Central	American	
lineages	to	our	San	Martín	specimen	in	North	Andean,	Peru.	Plotting	symbols	and	colored	
convex	hulls	reflect	cluster	assignment	(Hull	colors	are	synonymous	only	across	plotted	
columns,	see	supplementary	R	script).	For	datasets	2	(2581	SNPs)	and	3	(5099	SNPs),	K-
means	clustering	detected	the	following	groups:	all	Guiana	Shield	(Clade	D	in	Figure	3),	
Atlantic	Forest	(Clade	C7),	South	Andean	Peru	(Clade	B),	Southern	Amazon	including	the	
western	Napo	population	(Clade	C	+	Clade	E	in	Figure	3),	and	Central	America	(Clade	A1	in	
Figure	3).	
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Supplementary	Figure	3	–	log	likelihoods	of	STRUCTURE	runs	
Summarized	log	likelihood	values	across	STRUCTURE	runs	for	each	value	of	K,	with	a	
plateau	starting	at	K~5,	and	variance	across	runs	increasing	dramatically	after	K10.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	





Supplementary	Figure	4.	STRUCTURE	output	for	k2-10	
Full	STRUCTURE	output	for	dataset	1,	indicating	population	assignments	and	admixture	for	
K2-10.	The	likelihood	of	each	evaluated	number	of	K	clusters	from	1:20	plateaued	at	K	=	5,	
with	the	standard	deviation	across	runs	increasing	rapidly	after	this	point	(Supplementary	
Figure	3).	See	results	text	for	descriptions	of	these	analyses.	At	K2,	the	first	partition	
divides	the	dataset	into	broad	northern	and	southern	Amazonian	groups,	with	all	Andean	
and	Central	American	samples	assigned	to	predominantly	southern	Amazonian	genetic	
provenance,	with	some	northern	admixture.	Western	Napo	individuals	are	detected	as	an	
approximately	even	mixture	of	northern	and	southern	Amazonian	genomes.	At	K5,	the	five	
identified	clusters	broadly	correspond	to	wide	biogeographic	Amazonian	regions	which	
encompass	multiple	areas	of	endemism	(see	text).	For	each	barplot,	colors	are	sampled	
randomly	from	a	20	color	viridis	color	palette	for	each	run	(i.e.,	they	are	not	synonymous	
across	values	of	K,	see	supplementary	R	script).	The	tree	below	corresponds	to	the	RAxML	
result	using	the	50%	haplotype	dataset,	with	tip	labels	and	colors	indicating	group	
membership	to	one	of	eighteen	population-areas.	Colored	tip	labels	correspond	to	clade	
label	colors	in	Figures	3	and	4.	At	higher	K,	the	broad-scale	population	assignments	
inferred	at	K5	are	similar,	however	additional	admixture	components	are	inferred	for	most	
groups.	The	introgressed	western	Napo	clade	is	eventually	placed	into	its	own	cluster	at	
K9-10.	
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Supplementary	Figure	5.	fineRADstructure	population	assignment	dendrogram	
Clustering	dendrogram	generated	from	fineRADstructure	population	assignment.	Note:	
this	is	not	a	phylogenetic	hypothesis,	but	rather,	a	clustering	based	on	genomic	similarity	
which	considers	data	from	the	full	co-ancestry	matrix.	Tip	labels	correspond	to	population	
codes	used	internally	for	R	scripts	and	other	analyses.	Each	of	these	codes	has	a	1:1	
correspondence	with	the	labeled	localities	in	Figures	3	and	4:	
	
CAMA:	North	Andean	–	San	Martín,	Peru	
CACR:	Central	America	-	Costa	Rica	
CAPA:	Central	America	-	Panama	
CPS:	South	Andean	Peru	(South)	
CPN:	South	Andean	Peru	(North)	
INAMBARI:	Western	Inambari	endemic	
INAMBARIE:	Eastern	Inambari	endemic		
RONDONIA:	Rondônia	endemic	
TAPAJOS:	Tapajós	endemic	
XINGU:	Xingu	endemic	
AFBAHIA:	Atlantic	Forest	−	Bahia	
AFES:	Atlantic	Forest	−	Espıŕito	Santo	
AFRIO:	Atlantic	Forest	−	Rio	
PH	(putative	hybrid):	Western	Napo	introgressed	lineage	
GSIMERI:	unresolved	Jaú	
GSNAPO:	weakly	resolved	eastern	Napo	
GS:	weakly	resolved	Guiana	Shield	
GSSR:	weakly	resolved	Suriname	+	Amapá	
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Supplementary	Figure	6.	chromoPainter	co-ancestry	matrix	
The	raw	co-ancestry	matrix	from	the	full	haplotyle	dataset,	output	from	the	
fineRADstructure	program.	See	Supplementary	Figure	5	caption	for	descriptions	of	
localities,	matching	those	in	Figure	3	and	4.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	
	
	
	

	
	
	
	



Supplementary	Figure	7.	chromoPainter	co-ancestry	matrix	
The	co-ancestry	matrix	from	the	full	haplotyle	dataset,	with	values	averaged	across	18	focal	
population-areas.	See	Supplementary	Figure	5	caption	for	descriptions	of	localities,	
matching	those	in	Figure	3	and	4.	
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Supplementary	Figure	8.	K-means	clustering	of	the	full	dataset	co-ancestry	matrix	
The	Lawson	et	al.	(2012)	‘normalized	PCA’	approach	provided	with	the	fineRADstructure	
software	captured	89%	of	the	variance	in	the	genetic	data	on	the	first	four	component	axes	
(axis	1:	51.4%,	axis	2,	24.9%,	axis	3:	7.77%,	axis	4:	4.94%).	Thus,	the	co-ancestry	matrix	
reflects	substantially	more	information	than	standard	PCoA/PCA	of	SNP	data	
(Supplementary	Figure	2).	K-means	phenetic	clustering	of	the	co-ancestry	matrix	more	
finely	partitions	the	genetic	data	and	explains	a	much	greater	proportion	of	the	overall	
genetic	variance	than	K-means	clustering	of	the	raw	SNP	data.	Top	row:	normalized	PCA	
projection	of	all	individuals	on	the	first	two	component	axes,	which	capture	~76%	of	the	
point	variability.	Plotting	symbols	and	colored	convex	hulls	reflect	cluster	assignment.	Hull	
colors	are	sampled	randomly	from	a	20-color	palette	for	each	dataset	(i.e.,	they	are	
synonymous	only	across	plot	columns,	see	supplementary	R	script).	

The	leftmost	pair	of	plots	indicate	membership	to	one	of	eighteen	focal	population-
areas	(i.e.,	not	K-means	assignments,	see	Supplemental	Appendix	text	for	justification)	and	
are	shown	as	minimum	convex	hulls	in	co-ancestry	PC	space	(top)	as	well	as	projected	onto	
a	map	(bottom,	also	shown	in	Figure	4).	The	center	pair	of	plots	shows	the	K-means	
clustering	solution	of	the	co-ancestry	matrix	when	K	is	fixed	to	18	(i.e.,	not	based	on	BIC	
scores).	Intriguingly,	this	produces	a	similar	set	of	groups	as	shown	in	the	leftmost	pair.	

In	the	rightmost	two	plots,	we	show	the	K-means	optimum	clustering	solution	of	the	
co-ancestry	matrix,	with	a	BIC	minimum	plateau	of	~8.	This	set	of	groups	is	generally	
concordant	with	hierarchical	strata	determined	in	earlier	analyses,	but	also	further	
partitioned	relative	to	standard	PC	analyses	on	our	SNP	data.	This	clustering	solution	
identified	1)	Central	America	(Clade	A2	in	Figure	3),	2)	South	Andean	Peru	+	San	Martín	
(North	Andean	Peru);	(Clade	B	+	Clade	A1	in	Figure	3),	3)	western	Napo	(Clade	E	in	Figure	
3),	4)	Inambari	+	Rondônia	(Clades	C1,	C3,	and	C4	in	Figure	3),	5)	Tapajós	+	Xingu	(Clades	
C5	+	C6	in	Figure	3),	6)	eastern	Napo,	Jaú,	western	Guiana	shield,	7)	Suriname	+	Amapá	
(Clade	D	in	Figure	3)	and	8)	the	Atlantic	Forest	(Clade	C7),	as	separate	groups	which	
explain	a	majority	of	the	variance	in	the	data.	Notably,	this	solution	is	entirely	compatible	
with	our	phylogenetic	hypothesis,	except	for	the	clustering	of	our	single	San	Martín	sample	
with	geographically	proximate	Peruvian	populations,	rather	than	Central	American	
populations	(see	discussion).	This	solution	generally	recapitulates	subspecies	boundaries	
(Figure	2).	
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Supplementary	Figure	9.	Estimates	of	Inbreeding	coefficients	FIS	
Most	populations	were	detected	to	be	significantly	inbred	(FIS	>	1),	with	lower	95%	
confidence	intervals	>	0.	Panamanian,	Costa	Rican,	South	Andean	(North	clade),	Rondônia,	
and	Espírito	Santo	clades	had	95%	confidence	intervals	which	overlapped	zero,	and	thus	
cannot	be	confidently	inferred	to	have	positive	or	negative	FIS.	The	simulated	F1	(SIMF1)	
population	however,	did	have	significantly	negative	FIS,	as	predicted.	This	pattern	implies	
that	the	introgressed	western	Napo	population,	which	was	detected	to	have	a	significantly	
positive	FIS,	is	not	likely	to	include	recently	introgressed	individuals.	The	confidence	
intervals	for	eastern	Napo,	Jaú,	Inambari	and	western	Napo	popularions	are	generally	
overlapping,	with	similar	means	(mean	of	mean	estimates	~0.17,	SD	of	mean	estimates	
~0.02).	Locality	codes	below:	
	
CAMA:	North	Andean	–	San	Martín	(North	Andean	Peru)	
CACR:	Central	America	-	Costa	Rica	
CAPA:	Central	America	-	Panama	
CPS:	South	Andean	Peru	(South)	
CPN:	South	Andean	Peru	(North)		
INAMBARI:	Western	Inambari	endemic	
INAMBARIE:	Eastern	Inambari	endemic		
RONDONIA:	Rondônia	endemic	
TAPAJOS:	Tapajós	endemic	
XINGU:	Xingu	endemic	
AFBAHIA:	Atlantic	Forest	−	Bahia	
AFES:	Atlantic	Forest	−	Espıŕito	Santo		
AFRIO:	Atlantic	Forest	−	Rio	
PH	(putative	hybrid):	Western	Napo	introgressed	lineage		
GSIMERI:	unresolved	Jaú	
GSNAPO:	weakly	resolved	eastern	Napo		
GS:	weakly	resolved	Guiana	Shield		
GSSR:	weakly	resolved	Suriname	+	Amapá	
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Supplementary	Figure	10.	Population	pairwise	Fst	
We	estimated	pairwise	Weir	and	Cockerham’s	(Weir	and	Cockerham	1984)	Fst	among	all	18	
focal	areas,	and	evaluated	significance	using	1000	bootstrapped	datasets	to	estimate	95%	
confidence	intervals	using	the	‘assigner’	R	package	(Gosselin	et	al.	2016).	Here,	we	show	
these	results	plotted	as	a	pairwise	distance	heatmap.	Average	pairwise	Fst	ranged	from	
essentially	undifferentiated	(Fst:	0.0045,	comparing	GSNAPO,	and	GSIMERI	(comparing	
eastern	Napo	to	Jaú)),	to	almost	entirely	differentiated	(Fst:	0.81,	comparing	AFES	to	CAPA	
(comparing	Espıŕito	Santo	to	Panama)).	Overall	population	Fst	was	very	high	~0.196	
[0.188-0.204],	indicating	substantial	population	level	differentiation	among	focal	areas	for	
Pseudopipra.	Locality	codes	are	the	same	as	those	in	Supplementary	Figure	9.	
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Supplementary	Figure	11.	EEMS	model	fit	
Regressing	the	observed	dissimilarity	between	demes	against	the	fitted	dissimilarity	
between	demes	provides	an	indication	of	model	fit	(Petkova	et	al.	2015).	For	the	present	
dataset,	model	fit	(leftmost	plot)	was	very	high	(R2	=	0.865).	Within	demes	(central	plot,	
within	demes	that	represent	more	than	a	single	individual),	model	fit	was	somewhat	less,	
but	still	high	(R2	=	0.579).	Lastly,	comparing	observed	dissimilarity	between	demes	against	
great	circle	distance	between	demes	suggested	a	strong	signal	of	isolation	by	distance	
operating	at	the	scale	of	the	entire	dataset	(R2	=	0.431).	Overall,	the	EEMS	model	does	a	
very	good	job	of	describing	spatially	structured	variation	in	this	dataset.	
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Supplementary	Figure	12.		EEMS	estimated	genetic	diversity		
Two	broad	clusters	of	relatively	high	genetic	diversity	(greatest	heterozygosity)	were	
detected	in	EEMS.	The	first	is	centered	along	the	Amazon	river	and	was	relatively	uniform	
within	the	northern	Amazonian	basin,	reflecting	relatively	high	diversity	in	the	Guiana	
shield.	The	second	relatively	high	diversity	group	reflected	the	introgressed	western	Napo	
population.	Areas	of	relatively	low	genetic	diversity	included	the	Atlantic	Forest,	the	
Peruvian	Andes,	and	Central	American	lineages.	These	results	are	generally	consistent	with	
our	estimates	of	allelic	richness	(Supplementary	Appendix	for	details).	
	 	





Supplementary	Figure	13.	Quantification	of	song	variation	
All	Pseudopipra	songs	start	with	a	single	broad	frequency,	buzzy	note.	In	three	of	the	song	
types	(Types	1,	6,	and	8),	the	initial	buzzy	note	is	also	followed	by	one	or	two	shorter	tonal	
notes.	We	measured:	1)	starting	frequency,	2)	ending	frequency,	3)	minimum	frequency,	4)	
maximum	frequency,	5)	number	of	notes,	and	6)	duration	of	the	entire	song,	the	buzzy	
note,	and	the	tonal	notes	when	present.	To	obtain	a	conservative	estimate	of	the	number	of	
individuals	sampled,	we	took	measurements	of	one	song	from	each	recording.	
	
	
	
	
	 	



Ti
m

e 
(s

)

Frequency (kHz)

m
ax

 fr
eq

.
en

d/
m

in
 fr

eq
.

du
ra

tio
n

st
ar

t
fre

q.

N
um

. N
ot

es
 =

 2



Supplementary	Figure	14.	Expanded	summary	of	lekking	vocalization	phenotypes	
PCA	and	logistic	regression	on	lekking	vocalizations	(n=114,	Supplementary	Table	3)	found	
significant	differences	among	types	(p	<	0.001).	The	first	three	axes	of	a	PCA	explained	
~90%	of	the	variation	in	lekking	vocalization	characters,	with	PC1	(~64%)	primarily	
explaining	variation	in	note	number	and	frequency.	Panels	A	and	D	show	vocalization	
records	plotted	into	the	first	and	second	components	of	a	principle	components	analysis.	
Panels	B	and	E	show	vocalization	data	points	plotted	into	the	second	and	third	principle	
components.	Lastly,	Panels	C	and	F	are	reproduced	from	Figure	8	and	9	in	the	main	text.	All	
vocal	types	can	be	quantitatively	discriminated.	
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Supplementary	Figure	15	–	Vocalization	Loading	Plots	
PCA	plots	from	Figure	14,	shown	here	with	loading	vectors	projected	in	to	principle	
component	space.	The	direction	and	length	of	the	vectors	indicate	the	direction	and	
strength	of	the	variation	in	a	particular	direction.	Panels	A	and	B	show	data	for	lek	
vocalizations,	while	C	and	D	show	data	for	call	vocalizations.	
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Supplementary	Figure	16	–	Mitochondrial	ND2	gene	tree.	
Nodes	with	ultrafast	bootstrap	scores	of	lower	than	95	are	collapsed.	The	inferred	topology	
is	congruent	with	the	topology	presented	in	the	main	text	derived	from	ddRAD	sequencing	
data,	with	one	exception:	Western	Napo	haplotypes	cluster	with	southern	Amazonian	
lowland	haplotypes	(see	results	and	discussion).	Otherwise,	there	are	no	strongly	
supported	conflicts	(see	discussion	above)	with	our	signal	from	nuclear	genomic	DNA.	
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457308.BR.PAR
457311.BR.PAR

1064.PE.LOR
1080.PE.LOR
882.PE.LOR

EF501952.PE.LOR
EF501958.PE.LOR

2954.PE.LOR
EF501954.PE.LOR

1109.PE.LOR
1069.PE.LOR

2672.PE.LOR
4408.PE.LOR

4431.PE.LOR
2528.PE.LOR

392153.BR.MGN
7130.PE.LOR

392156.BR.MGN
392155.BR.MGN

392154.BR.MGN
7143.PE.LOR

7079.PE.LOR
2519.PE.LOR

100025.BR.RIO
100026.BR.RIO
100024.BR.RIO

C23264.BR.RIO

24508.BR.RIO
D51860.BR.RIO
30776.BAD.BR.RIO
30775.BR.RIO.BAD
30787.BR.RIO.BAD
91511.BAD.BR.BH

647.BR.BH
100004.BR.ES
100002.BR.ES
70779.BR.BH
70781.BR.BH
100001.BR.ES
91510.BR.BH
70780.BR.BH

42474.PE.LOR
42378.PE.LOR
42428.PE.LOR

42275.PE.LOR

18654.PE.CUS

17395.PE.JUN
17256.PE.JUN
2049.PE.LOR

18791.PE.CUS
39904.PE.LOR
39942.PE.LOR
40523.PE.LOR

40179.PE.LOR

19463.EC.NAP
26633.EC.NAP

19795.EC.ZAM
5444.PE.MAR
KF228547.EC.ZAM

28174.PA.CHI
JK06 183.PA.TOR

JMD789.PA.CHI
JMD787.PA.CHI

14935.PA.CHI
72106.CR.CAR

16044.CR.HER
GU985498.CR.HER

GU985497.CR.HER
72050.CR.CAR
16007.CR.HER

72055.CR.CAR

5276.SR.PAR
5330.SR.PAR

1597.SR.SIP
5306.SR.PAR
3771.SR.SIP
3715.SR.SIP
1702.SR.SIP
1488.SR.SIP

3470.SR.SIP

5287.SR.PAR
1713.SR.SIP

5265.SR.PAR
3759.SR.SIP

1595.SR.SIP
392202.BR.AMP

5305.SR.PAR
3749.SR.SIP

5311.SR.PAR
5262.SR.PAR

27109.EC.ZAM
3607.SR.SIP

392204.BR.AMP
5278.SR.PAR
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APPENDIX 3 

SUPPLEMENTARY MATERIAL FOR CHAPTER 3 

Additional data files can be accessed at the online version of this article 

www.nature.com/doifinder/10.1038/nature15697 

and 

http://dx.doi.org/10.5281/zenodo.28343 
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Online Data and Software Archive 

A zip archive containing assembled sequence data, newick formatted tree files, code and 
scripts for generating and analyzing phylogenetic informativeness, and information on 
probe design and data assembly is available at Zenodo.org: 
http://dx.doi.org/10.5281/zenodo.28343. R code used for generating tree and 
supplemental figures is available on request. 

Choosing Fossil Calibrations 
We elected to employ traditional node-based divergence dating instead of a fossil 

tip-dating approach1,2 due to the lack of a sufficiently extensive and reliable 
morphological data matrix for extant and fossil crown birds. Our node-dating approach 
followed the commonly employed method of specifying hard minimum bounds on the 
age of a divergence using fossils, while applying a ‘soft’ upper bound for date 
estimates3,4. This approach is based on the premise that the common ancestor of a clade 
(a node on the phylogeny) cannot be younger than its oldest fossil descendant (a child 
cannot be older than its parent). As a result, for a given node on the phylogeny 
(representing a theoretical ancestor α with two descendent lineages), only the oldest 
known fossil representing one of the descendant lineages of α is used for setting a hard 
minimum age for that divergence. More recent fossils that represent descendants of α are 
uninformative, since they are younger than α’s youngest possible age. 

In contrast to recently published divergence time analyses for crown birds5, we 
sought to employ Parham et al.’s6 criteria for best practices for justifying fossil 
calibrations in the selection of our calibration points. These criteria outline stringent 
phylogenetic and geochronological criteria that must be met in order for a potential 
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calibrating fossil to be considered strongly supported. Only fossils that have been 
phylogenetically placed by apomorphy-based diagnoses or comprehensive phylogenetic 
analyses have been included here. We provide references to up-to-date apomorphy-based 
diagnoses or phylogenetic analyses for each taxon listed (all of which are associated with 
museum specimen numbers), the most exclusive clade to which they can be referred, 
names of each fossil locality, and minimum-possible geochronologial ages for each fossil, 
inclusive of error6. In instances where radioisotopic dates were unavailable and fossils 
could only be biostratigraphically assigned to geochronological stages, the most 
conservative approach of selecting the minimum-possible age of the stage, inclusive of 
error, was implemented6.  

Our complete list of fossil calibrations comprises 19 fossil taxa, which together 
document many deep phylogenetic divergences within Neognathae. Although 
palaeognaths are well represented in Palaeogene fossil deposits in the form of members 
of the clade Lithornithidae7, ambiguity regarding their monophyly and phylogenetic 
relationships with respect to extant palaeognaths informed our decision to exclude them 
from this analysis. The restriction of calibration points to Neognathae, and the lack of 
definitive stem neognaths or stem palaeognaths, rendered it impossible to directly 
calibrate the root divergence within crown Aves.  

The Mesozoic fossil record of crown birds is at best extremely sparse8,9, or 
possibly completely absent. Although the putative crown anseriform Vegavis iaai has 
often been used as a Late Cretaceous (66.5 Ma10) calibration point for Anseriformes, 
Neognathae, or crown Aves, recent phylogenetic analyses have cast doubt on the 
relationships of this taxon, and its placement within the avian crown group11. As a result, 
we decided not to include this fossil in our full analysis; however, we have conducted an 
additional sensitivity analysis to asses the robustness of our results to the 
exclusion/inclusion of the Vegavis calibration (see below). 

In certain instances, multiple closely related extant clades exhibited Palaeogene 
stem group representatives deriving from similarly aged sediments. For example, the 
stem potoo (Pan-Nyctibiidae), Paraprefica kelleri, is dated at 47.5Ma, whereas the stem 
oilbird (Pan-Steatornithidae), Prefica nivea, is dated at 51.66Ma12-14. In this instance, the 
phylogenetic divergence between Nyctibiidae and Steatornithidae was calibrated using 
the older fossil (Prefica nivea), and the stem nyctibiid was not used. Similar logic 
resulted in, for example, the exclusion of the stem leptosomid Plesiocathartes kelleri in 
favor of the older stem representative of the Coraciidae + Brachypteraciidae clade 
Primobucco mcgrewi15,16.  

Additional Dating Analysis using Vegavis Calibration 
Since Vegavis may represent a bona fide crown anseriform, we performed a 

sensitivity analysis of our dating estimate with ten data partitions that exhibited the 
lowest declines in phylogenetic informativeness across the tree; otherwise we used the 
same diagnostic criteria employed in our initial analyses. In order to include Vegavis, we 
substituted our stem galliform calibration (Gallinuloides, ~51.66 Ma) for a stem anatid 
calibration (~66.5 Ma). As in previous fossil calibrations, we used a lognormal 
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distribution, setting the offset to 66.5 Ma and defined 97.5% of the calibration density to 
fall more recently than 86 Ma (see comments on defining the soft crown prior for 
justification of the soft maximum we employ here). 
 
 Figure S10 shows the alternative time calibration (including Vegavis) for the 
Bayesian tree with error bars for each node age. Figure S11 compares the posterior 
distributions of the estimated ages of the avian crown clade with and without the Vegavis 
calibration, and Figure S12 compares the ages of all nodes in the phylogeny with and 
without Vegavis. When Vegavis is included, we find that the median posterior estimate of 
the root age is increased, but only by ~6 million years, pushing the estimate of the age of 
the avian crown to ~78 Ma (mean: 78.26; median: 78.00; 95% HPD interval: 71.98-
84.93)(Fig. S11). However, this is not a significant change; the median estimate of the 
divergence time falls within the HPD confidence intervals of our initial estimate of the 
root age without Vegavis (mean: 72.72; median: 72.33; 95% HPD interval: 66.96-
79.45)(Fig. S11). Examining the differences over the entire tree, we see that the only 
significant changes to node age estimates are restricted to those within the Galloanserae 
(Fig. S12); several divergences were pulled significantly closer to the end of the 
Cretaceous. For example, when Vegavis is included, the median age of the oldest split in 
Galloanserae is necessarily increased to ~72.5 Ma. The median posterior age estimates 
for most other neoavian nodes were also pushed further back in time by ~2-4 million 
years as a consequence of including Vegavis, but they also fell within the HPD 
confidence intervals of our analysis excluding Vegavis (Fig. S12). 
 In summary, based on an analysis of the most phylogenetically informative subset 
of our data using a calibration with Vegavis, we are confident that our age estimates are 
robust to the inclusion or exclusion of this particular calibration. Although crown group 
ages within Anseriformes are pulled further back in time, the inclusion of Vegavis has no 
significant influence on the HPD confidence for various neoavian subclades. Until more 
fossils become available, the age estimates of early avian diversification events will 
remain inherently uncertain. 

 
Detailed Justification of Fossil Calibrations 
 For every specimen presented below, the clade calibrated represents the most 
recent common ancestor of the total group noted, and its extant sister taxon. For example, 
Pulchrapollia gracilis (stem Psittaciformes) calibrates the divergence between total 
group Psittaciformes and total group Passeriformes. For taxa whose phylogenetic and 
stratigraphic placement have already been discussed in light of best practices for fossil 
calibrations17, (e.g. Limnofregata azygosternon18), only brief summaries are presented 
here.  
 
Clade: Stem Pici (all Piciformes except Bucconidae and Galbulidae) 
Taxon: Rupelramphastoides knopfi19,20 
Cladistic justification: Analyses of discrete morphological characters diagnose 
Rupelramphastoides as a stem group representative of Pici, including the presence of a 
very large and narrow accessory trochlea for the retroverted fourth toe, a very narrow 
tarsometatarsal trochlea for the second toe, and marked ulnar papillae for the attachment 
of the secondary flight feathers7. The plesiomorphic absence of an ossified extensor 
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bridge on the proximal tarsometatarsus, and a mosaic of other features supports a 
phylogenetic position for Rupelramphastoides on the stem of the clade bracketed by 
Indicatoridae and Picidae, while the presumably plesiomorphic similarity of the 
tarsometatarsus of Rupelramphastoides and crown Ramphastidae support 
Rupelramphastoides’ status as a stem group representative of Pici7.  
Stratigraphy: Frauenweiler south of Wiesloch, Germany19. Provenance identifiable only 
to geologic stage (Rupelian); thus youngest possible age of Rupelian inclusive of error is 
applied (following 17). 
Calibration: Minimum age of 28.3 Ma21,22. 
 
Clade: Stem Upupidae + Phoeniculidae 
Taxon: Messelirrisor grandis23,24 
Cladistic justification: Phylogenetic analyses of morphology24. 
Stratigraphy: Messel, Germany. A detailed description of the age of the Messel Pit, and 
the minimum age of the fossils contained within it is presented by 10. 
Calibration: Minimum age of 46.6 Ma25. 
 
Clade: Stem Coraciidae + Brachypteraciidae 
Taxon: Primobucco mcgrewi16,26,27 
Cladistic justification: Morphological phylogenetic analysis28, and phylogenetic 
analyses of combined morphological and molecular data27. 
Stratigraphy: Fossil Butte Member of the Green River Formation. The most complete 
specimen of this taxon10 derives from the middle unit of the Fossil Butte Member; 
detailed age justification presented in 10. 
Calibration: Minimum age of 51.57 Ma29.  
 
Clade: Stem Psittaciformes 
Taxon: Pulchrapollia gracilis30 
Cladistic justification: Based on phylogenetic analyses of morphological data 30-32, and 
combined analyses of morphological and molecular data33,34. 
Stratigraphy: Collected from the Walton Member of the London Clay Formation at 
Walton-on-the-Naze, England. Details regarding the age of the specimen (35-37) are 
summarized by 10. 
Calibration: Minimum age of 53.5 Ma10.  
 
Clade: Stem Fregatidae 
Taxon: Limnofregata azygosternon38,39 
Cladistic justification: Based on analyses of osteological data, 39 identified 18 
unambiguous synapomorphies of a Limnofregata + Fregata clade. These are discussed in 
detail in 18.  
Stratigraphy: Fossil Butte Member of the Green River Formation. Several referred 
specimens have been recovered from the F-2 Facies, in the middle unit of the Fossil Butte 
Member of the Green River Formation18,40,41. Precise details regarding the dating of these 
deposits are discussed by 18. 
Calibration: Minimum age of 51.58 Ma18.  
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Clade: Stem Sphenisciformes 
Taxon: Waimanu manneringi42 
Cladistic justification: Following 10, Waimanu was recovered as a total group 
sphenisciform by multiple analyses using morphology42 and combined data 43,44.  
Stratigraphy: Basal Waipara Greensand, Waipara River, New Zealand. The top of the 
Waipara Greensand marks the Paleocene-Eocene boundary, and calcareous nannofossils 
further constrain this locality’s age. Detailed age justification presented in 10. 
Calibration: Minimum age of 60.5 Ma45.  
 
Clade: Stem Gruoidea (Aramidae + Psophiidae + Gruidae) 
Taxon: Parvigrus pohli7,46 
Cladistic justification: Analyses of discrete character data support the position of 
Parvigrus pohli as a stem group representative of the Gruoidea46. Morphological support 
for the gruoid affinities of P. pohli include an elongated and narrow sternum lacking deep 
incisions on its caudal margin, and a medially protruding projection on the proximal end 
of the first phalanx of the fourth toe7,46. A combination of features observable in P. pohli 
and its extinct relative Rupelrallus saxoniensis diagnose P. pohli as a stem group gruoid, 
including the sternal extremity of the coracoid bearing a marked depression, and a lack of 
coracoid pneumatic foramina. Additionally, the caudal margin of the sternum of P. pohli 
exhibits a pair of shallow incisions, in contrast to the condition observed in crown 
Gruoidea7,46. 
Stratigraphy: Pichovet, Vachères, France. Provenance identifiable only to geologic 
stage (Rupelian); thus youngest possible age of Rupelian inclusive of error is applied 
(following 17). 
Calibration: Minimum age of 28.3 Ma47.  
 
Clade: Stem Phaethontidae 
Taxon: Lithoptila abdouensis48  
Cladistic justification: Based on cladistic analyses of morphological data39,48. 93 found 
10 unambiguous cranial synapomorphies for Phaethontes + L. abdouensis18. 
Stratigraphy: Bed IIa, Ouled Abdoun Basin, near Grand Daoui, Morocco. Provenance 
identifiable only to geologic stage (Thanetian), thus youngest possible age of Thanetian 
inclusive of error is applied (following 17).  
Calibration: Minimum age of 55.6 Ma49. 
 
Clade: Stem Apodidae 
Taxon: Scaniacypselus wardi50,51 
Cladistic justification: Phylogenetic analysis of morphology52, and combined 
phylogenetic analyses of morphological and molecular data103. 
Stratigraphy: Bed R6 of the Røsnæs Clay Formation, Denmark53. Provenance 
identifiable only to geologic stage (Ypresian); thus youngest possible age of Ypresian 
inclusive of error is applied (following 17). Additional details of the stratigraphic 
provenance presented in 10. 
Calibration: Minimum age of 48.4 Ma54-56. 
 
Clade: Stem Podargidae 
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Taxon: Fluvioviridavus platyrhamphus14  
Cladistic justification: Parsimony analysis of morphology, and combined morphological 
and molecular data, by 14. A F. platyrhamphus + Podargidae clade was supported by 
numerous cranial synapomorphies including i) a rim surrounding the external naris that 
extends anterolaterally onto the dorsal surface of the beak, the absence of pterygoid-
basipterygoid contact, and a well rounded posterior portion of the articular portion of the 
mandible14. Monophyly of crown group Podargidae to the exclusion of F. platyrhamphus 
was supported by several characters, including posteriorly-projecting lacrimal ‘horns’ at 
the anterior portion of the orbit, and very long lateral trabeculae and short intermediate 
trabeculae of the sternum14.  
Stratigraphy: Fossil Butte Member of the Green River Formation; precise details 
regarding the dating of these deposits are discussed by 10. 
Calibration: Minimum age of 51.58 Ma29. 
 
Clade: Stem Steatornithidae 
Taxon: Prefica nivea12,13,14,53 
Cladistic justification: Discrete analyses of morphological data by 71, and morphological 
and combined morphological and molecular phylogenetic analyses by 14. P. nivea shares 
a distinct mandibular morphology with S. caripensis, as well as an extremely short 
tarsometatarsus and a well-developed temporal fossae with the extant Oilbird, Steatornis 
caripensis. Additionally, these taxa share a distinctly shortened tibiotarsus, approaching 
the length of the carpometacarpus14; characters differentiating P. nivea and S. caripensis 
include overall body size, and an unfused ilium-synsacrum contact in P. nivea12,13,57.  
Stratigraphy: Fossil Butte Member of the Green River Formation; precise details 
regarding the dating of these deposits are discussed by 18. 
Calibration: Minimum age of 51.58 Ma 29. 
 
Clade: Stem Threskiornithidae 
First: Rhynchaeites sp.58 
Cladistic justification: Following 18, which lists the full suite of threskiornithid 
apomorphies exhibited by Rhynchaeites, three unambiguous synapomorphies place 
Rhynchaeites with total group Threskiornithidae (an elongate recurved bill; a schizorhinal 
bill with a dorsoventrally broad basal segment of the ventral bar, and a notarium 
consisting of at least three fused thoracic vertebrae59,60). 
Stratigraphy: Fur Formation. Precise horizon within Fur Formation from which fossil 
was recovered is unknown, thus the youngest possible radiometric age for these deposits, 
inclusive of error, is applied. A comprehensive discussion of the age justification for the 
oldest known specimen of Rhynchaeites sp. is presented in 18. 
Calibration: Minimum age of 53.9 Ma61.  
 
Clade: Stem Coliiformes 
First: Sandcoleus copiosus62,63 
Cladistic justification: Morphological phylogenetic analyses63-66.  
Stratigraphy: Sand Coulee Beds, Willwood Formation. Fossil derives from Plesiadapis 
cookei zone in 67, thus youngest possible age of this zone is applied (following 17). Details 
of stratigraphic provenance and aging presented in 10. 
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Calibration: Minimum age of 56.22 Ma67. 
 
Clade: Stem Alcediniformes (Momotidae + Meropidae + Alcedinidae + Todidae) 
First: Quasisyndactylus longibrachis 57,68,69 
Cladistic justification: Placement of Q. longibrachis as the extinct sister taxon to crown 
group Alcediniformes enjoys support from analyses of discrete anatomical characters 
57,68,69. Although a suite of anatomical features align Q. longibrachis with crown group 
Alcediniformes (the proximal end of the first phalanx of the hindtoe bears a lateral 
projection like all crown alcediniforms), and the cranial anatomy compares favorably 
with that of crown Todidae119, the plesiomorphic morphology of the furcula supports the 
assignment of Q. longibrachis to the alcediniform stem group109,118.  
Stratigraphy: Messel, Germany. A detailed description of the age of the Messel Pit, and 
the minimum age of the fossils contained with in it is presented by 10. 
Calibration: Minimum age of 47.5 Ma25. 
 
Clade: Stem Todidae 
First: Palaeotodus cf. itardiensis 70 
Cladistic justification: The taxon Palaeotodus was initially erected to describe material 
from the early Oligocene Brule Formation of Wyoming (P. emryi71). Additional material 
belonging to Palaeotodus (P. escampsiensis and P. itardiensis) was described by 72. A 
postcranial skeleton identified as Palaeotodus cf. itardiensis was described by 70, and 
exhibits a substantially elongate and narrow tarsometarsus approaching the length of the 
humerus119, and the complete absence of a procoraoid process (the former a Todidae + 
Momotidae synapomorphy, the latter one shared with Todidae)7. 120 describes the distal 
tarsometatarsus as exhibiting a plesiomorphic morphology with respect to crown Todidae, 
suggesting that P. cf. itardiensis represents the extinct sister taxon to the todid crown 
group. 
Stratigraphy: Frauenweiler south of Wiesloch, Germany. Provenance identifiable only 
to geologic stage (Rupelian); thus youngest possible age of Rupelian inclusive of error is 
applied (following 17). 
Calibration: Minimum age of 28.3 Ma21,22. 
 
Clade: Stem Phalacrocoracidae 
First: Oligocrax stoeffelensis 39,73,74 
Cladistic justification: Based on morphological analyses by 123. That analysis identified 
three unambiguous ?Borvocarbo stoeffelensis + Phalacrocoracidae synapomorphies, 
discussed by 18. Taxonomy of ?Borvocarbo stoeffelensis has been changed to Oligocrax 
stoeffelensis following 124. 
Stratigraphy: Enspel Formation. Following 18, The Enspel deposits correspond the 
Upper Oligocene Mammal Paleogene reference level 28 75. 40Ar/39Ar radiometric dating 
from basaltic flows bounding the Enspel deposits exhibit ages of 24.56 ± 0.04 to 24.79 ± 
0.05 Ma75.  
Calibration: Minimum age of 24.52 Ma 75.  
 
Clade: Stem Musophagidae 
First: Foro panarium76,77 

SUPPLEMENTARY INFORMATIONRESEARCHdoi:10.1038/nature�����

WWW.NATURE.COM/ NATURE | 7



! 8!

Cladistic justification: Based on Bayesian and parsimony phylogenetic analyses of 
morphological characters, both unconstrained and constrained to molecular backbone 
trees by 127. That analysis identified Foro as sister to Musophagidae with strong statistical 
support from bootstrap percentages and Bayesian posterior probabilities under all 
unconstrained and constrained topologies. Although the extant sister taxon to 
Musophagidae has historically been a topic of controversy, the morphological analysis of 
127 supports a close relationship between Musophagidae and Cuculidae, a hypothesis 
strongly supported by the independent phylogenomic dataset presented in the present 
study (as part of a clade that also includes the Otididae). 
Stratigraphy: Fossil Butte Member of the Green River Formation. Following 126, the 
only known specimen derives from the “Thompson Quarry,” northwest of Kemmerer, 
Lincoln County, Wyoming: NW1/4, SW1/4, sec.22, T22N, R117W (Kemmerer 15-
minute quadrangle); 41o44’N, 110o31’W. This site is among the F-2 localities of 78. 
Precise details regarding the dating of these deposits are discussed by 18. 
Calibration: Minimum age of 51.58 Ma29.  
 
Clade: Stem Galliformes 
First: Gallinuloides wyomingensis79 
Cladistic justification: Phylogenetic analyses of morphological data129,80, and combined 
morphological and molecular data129. 129 performed a series of phylogenetic analyses 
incorporating variants of a morphological cladistic dataset, and inclusion and exclusion of 
gene sequence data. In all analyses Gallinuloides resolved as a stem galliform, with 
varying degrees of statistical support. In those analyses six unambiguous synapomorphies 
were found to support a monophyletic Galliformes to the exclusion of Gallinuloides; 
these synapomorphies are similar to those proposed by 80 in support of the same 
phylogenetic position79. These include i) scapus claviculae of furcula narrow, ii) spina 
interna of sternum present, iii) apex carinae of sternum shifted caudally, iv) cotyla 
scapularis of coracoid shallowly excavated, v) incisura capitis of humerus enclosed 
distally by a ridge, vi) spatium intermetacarpale of carpometacarpus wide79. 
Stratigraphy: Fossil Butte Member of the Green River Formation; precise details 
regarding the dating of these deposits are discussed by 18. 
Calibration: Minimum age of 51.58 Ma29. 
 
Clade: Stem Apodiformes 
First: Eocypselus rowei51,81 

Cladistic justification: 51,81 conducts two analyses under parsimony, one of a 
comparative morphological dataset, and one combining these morphological data with 
genetic data from 4 loci. The position of Eocypselus as a total group apodiform was 
supported by two unambiguous synapomorphies (a short humerus, and an ossified arcus 
extensorius of the tarsometatarsus), while crown apodiform monophyly was upheld to the 
exclusion of Eocypselus by eight crown group synapomorphies131.  
Stratigraphy: Smith Hollow Quarry, Fossil Butte Member, Green River Formation; 
precise details regarding the dating of these deposits are discussed by 18. 
Calibration: Minimum age of 51.58 Ma29.  
 
Detailed Phylogenetic Discussion 
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 Particular effort was made to include taxa that would break up long phylogenetic 
branches and provide the highest likelihood of resolving short internodes at the base of 
Neoaves. We also sampled multiple species within groups whose monophyly or 
phylogenetic relationships to other birds have been controversial– i.e. multiple species of 
tinamous (4 sp.), nightjars (3 sp.), hummingbirds (3 sp.), turacos (2 sp.), cuckoos (4 sp.), 
pigeons (5 sp.), sandgrouse (2 sp.), mesites (2 sp.), rails (3 sp.), storm petrels (3 sp.), 
petrels (3 sp.), storks (2 sp.), herons (3 sp.), hawks (3 sp.), hornbills (2 sp.), mousebirds 
(2 sp.), trogons (2 sp.), kingfishers (2 sp.), barbets (2 sp.), seriemas (2 sp.), falcons (4 sp.), 
parrots (5 sp.), and suboscine passerines (28 sp.).  
 
 Here, we discuss our phylogenetic results (Figs. 1, S1) in detail, and we describe 
points of congruence and discordance with previous hypotheses of avian phylogeny from 
the published literature. 
 
 Congruent with all recent studies, the concatenated phylogeny places the 
palaeognaths as the sister group to the rest of living birds, and the flying tinamous 
(Tinamidae) within the flightess ratites82-86. However, these studies have placed tinamous 
in various positions: as sister group to a cassowary (Casuarius), emu (Dromaius), and 
kiwi (Apteryx) clade82,83, as sister to all extant palaeognaths except ostrich (Struthio)85, or 
in the same position but as the sister group to the extinct moas84. Our tree places 
tinamous as the sister group to a cassowary-emu clade (Casuariiformes) (Fig. 1). The 
phylogenetic relationships among the Galloanserae (Fig. 1) are exactly congruent with 
Hackett et al.82. 
 
 Within the monophyletic Neoaves, we identify five main clades which are each 
the successive sister groups to the rest of Neoaves (Fig. 1). A clade including 
Caprimulgiformes and Apodiformes, called Strisores (or Caprimulgimorphae5), is 
resolved as the sister to the rest of Neoaves (Fig. 1, brown). The interrelationships we 
recover within this clade are novel: the nightjars (Caprimulgidae), a Neotropical oilbird-
potoo clade, the frogmouths (Podargidae), and the owlet-nightjars (Aegothelidae) form 
four successive sister groups to the monophyletic swifts (Hemiprocnidae + Apodidae) 
and hummingbird (Trochilidae) clades. Within nightjars, our placement of Eurostopodus 
as sister group to Caprimulgus and Chordeiles is congruent with Barrowclough et al.87. 
We also confirm the monophyly of swifts (Chaetura and Streptoprocne, Apodidae) with 
respect to the crested swifts (Hemiprocnidae). Congruent with a recent comprehensive, 
multilocus phylogeny of the hummingbirds88, Topaza and Phaethornis form a clade that 
is sister to Archilochus (Fig 1). 
 
 The next neoavian clade is a novel clade that consists of two recently identified 
monophyletic groups, which we call Columbaves (Fig. 1, purple). The first subclade 
includes the turacos (Tauraco and Corythaeola, Musophagidae), the bustards (Ardeotis, 
Otididae), and the cuckoos (Tapera, Centropus, Cuculus, and Coccyzus, Cuculidae). A 
turaco-bustard-cuckoo clade was previously identified by Jarvis et al.5 and called the 
Otidimorphae. Jarvis et al.5 found weak support for a turaco and bustard clade (BS= 0.55) 
with cuckoos as their sister group. However, we find strong support for the placement of 
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turacos as the sister group to a clade of bustards and cuckoos. Within the cuckoos, our 
phylogeny is exactly congruent with Sorenson and Payne89. 
 
 Within the Columbaves, the sister group to the Otidimorphae consists of pigeons 
(Columbidae) as the sister group to an Old World clade consisting of monophyletic 
radiations of sandgrouse (Pteroclididae) and the Malagasy mesites (Mesitornithidae). 
This clade was identified by Hackett et al.82, and confirmed by Jarvis et al.5 and called 
the Columbimorphae. Within the Columbimorphae, Hackett et al.82 placed mesites and 
pigeons as sister groups, but our phylogeny agrees with Jarvis et al.5 in placing mesites 
and sandgrouse in a clade with pigeons as their sister group. Jarvis et al.5 proposed that 
the Otidimorphae was the sister group to the caprimulgiform+apodiform clade 
(Caprimulgimorphae), and that the Columbimorphae was related to flamingos and grebes. 
Our results do not support these proposed phylogenetic relationships. 
 
 Within pigeons, our phylogeny is congruent with the result of Johnson and 
Clayton90 and Pereira et al.91, except for our placement of Columbina as the sister group 
to the Columba-Leptotila clade instead of as the sister to all other columbids. This is one 
of the few areas of discordance between our Bayesian and our ML phylogenies; our ML 
topology is congruent with the placement of Columbina in Johnson and Clayton90 and 
Pereira et al.91 (Fig. S1). 
 
 The next neoavian clade consists of the core Gruiformes (Fig. 1, yellow) sensu 
stricto as previously proposed by Hackett et al82 and others. Among the gruiforms, we 
find phylogenetic interrelationships that are entirely consistent with Hackett et al.82. 
There are two monophyletic superfamilies. The Gruoidea consists of the trumpeters 
(Psophiidae) as the sister group to the limpkin (Aramidae) and the cranes (Grus and 
Balearica, Gruidae). Within the Ralloidea, we confirm that the flufftails (Sarothrura, 
Sarothruridae) are more closely related to the sungrebes (Heliornithidae) than they are to 
other rails (Rallus, Porphyrio, and Micropygia, Rallidae). 
 
 Our results confirm the existence of a diverse, waterbird clade (Fig. 1, blue), 
similar to, but more expansive in composition than, that previously proposed5,82,92. This 
clade, which we call Aequorlitornithes, includes all diving birds, wading birds, shorebirds, 
and two small, eclectic, aquatic bird clades. Briefly stated, we find that The clade of 
(Shorebirds+(Flamingos+Grebes)) is the sister group of the clade of (all diving and 
wading birds +(Sunbittern+Tropicbirds))(Fig. 1). Within the charadriiform clade, the 
interrelationships in our Bayesian tree are exactly congruent with those found by Hackett 
et al.82. Our Bayesian results are completely congruent with the charadriiform phylogeny 
of Baker et al.93, except for the relationships among terns (Sterna), gulls 
(Chroicocephalus), and skimmers (Rynchops). Our Bayesian tree has (gulls +(terns 
+skimmers), whereas Baker et al.93 found (terns+(gulls+skimmers). Interestingly, this is 
one of three areas of discordance between our Bayesian and ML results, and our ML tree 
agrees with the Baker et al.93 topology. 
 
 We confirm the monophyly of the clade including diving and wading birds5,82,92 
(called Aequornithia94), and we confirm the placement of the sunbittern-tropicbirds clade 
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(Phaethontimorphae) as the sister group to Aequornithia. Hackett et al.82 placed the Kagu 
(Rhynochetos), as sister to the sunbittern (Eurypyga). Unfortunately, we were not able to 
obtain tissue of Rhynochetos to test this hypothesis. 
 
 Within Aequornithia, our phylogeny is exactly congruent with Jarvis et al.5, and 
closely follows Hackett et al.82. Loons (Gavia) are the sister group to the rest of 
Aequornithia, which is composed of two main clades. Within the Procellariimorphae5, the 
penguins (Spheniscus) are the sister group to the monophyletic tubenoses 
(Procellariiformes). Our extensive sampling establishes new relationships within 
tubenoses beyond Hackett et al.82. Contra Hackett et al., we place albatross 
(Diomedeidae) as the sister group to all other tubenoses. We confirm that the storm 
petrels are paraphyletic with respect to other petrels. Oceanites and Pelagodroma 
(Oceanitidae) and Oceanodroma (Hydrobatidae) are successive sister groups to the rest 
of the petrels. Lastly, the traditional petrels are paraphyletic with respect to the diving 
petrels (Pelecanoides); Pelecanoides is more closely related to Pterodroma than are 
Puffinus or Fulmarus (respectively). These novel relationships are not congruent with 
previous studies95,96. However, the alternative resolutions have not been highly supported 
in these previous studies95,96.  
 
 The sister group to Procellariimorphae has been called the Pelecanimorphae5. 
Within this clade, our results are very similar to Hackett et al.82 but with some differences 
between our Bayesian and ML topologies. Both trees agree with Hackett et al.82 in the 
relationships of (frigatebirds+(boobies+(anhingas+cormorants))). The sister group to this 
clade has the same composition in our Bayesian and ML trees and Hackett et al.82, but 
with some variation in topology among them. Our Bayesian tree places ibis as sister 
group to the rest. Our ML tree and Hackett et al.82 place ibis as the sister group to herons. 
Our Bayesian tree, our ML tree, and Hackett et al.82 find three different resolutions of the 
relationships among the Shoebill (Balaeniceps), pelicans (Pelecanus), and Hamerkop 
(Scopus). Our Bayesian tree finds (Scopus+(pelicans+Balaeniceps). The ML tree places 
(Balaeniceps+(pelicans+Scopus). Hackett et al.82 found (pelicans+(Balaeniceps+Scopus).  
 
 Our results confirm the monophyly of a comprehensive clade of landbirds (Fig. 1, 
green), Telluraves83, which has been supported by many recent studies82,83,85,92,97. 
However, we find that the sister group to this land bird clade is the enigmatic Hoatzin 
(Opisthocomus hoazin), and we call this new, more comprehensive clade Inopinaves 
(inopina= unexpected). Based on this phylogenetic position and our fossil calibration, 
Opisthocomus is the most ancient (~64 myo), living bird lineage that is represented today 
by only a single extant species. Thus, Opisthocomus is the longest 'long branch' in the 
avian tree, which has obviously contributed to the great challenges of placing it 
confidently within avian phylogeny. 
 
 Within Telluraves, we find that hawks and relatives (Accipitriformes sensu 
stricto82) is the sister group to the remaining members of the landbird clade (congruent 
with Kimball et al.'s85 49-locus species-tree; Fig. 5B), and not the sister group to the 
clade of owls, mousebirds, cuckoo-roller, trogons, bucerotiforms, coraciiforms, and 
piciforms5,82,83,85,97. Consequently, ‘Afroaves’5 is not monophyletic in our analysis. We 
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call this new clade of landbirds, excluding Accipitriformes, Eutelluraves. Within the 
accipitriforms, we uncover the same relationship as many previous studies: (New World 
vultures+(secretarybird+(Osprey+hawks)5,82,83,85,97,98. Within the hawks (Accipitridae), 
our topology is congruent with Griffiths et al.98. We also confirm the monophyly of the 
New World vultures (Cathartidae). 
 
 Eutelluraves consists of two well supported clades with increasingly well 
established interrelationships. Congruent with recent studies, we find that owls are the 
sister group to the diverse clade Coraciimorphae, comprised of (mousebirds+(cuckoo 
roller+(trogons+(bucerotiforms+(coraciiforms+ piciforms) 5,82,83,85,97. Within each of 
these groups, our phylogeny is closely congruent with Hackett et al.82, except that we 
find bee-eaters (Merops) to be the sister group to the rollers (Coracias) and ground-
rollers (Atelornis), instead of the sister group to all other coraciiforms. The hornbills are 
the sister group to hoopoes and wood hoopoes. The coraciiforms (sensu stricto) form a 
clade that is the sister group to the monophyletic piciforms. Within the piciforms, 
honeyguides (Indicatoridae) are sister to woodpeckers (Picidae)82,99, the wrynecks (Jynx) 
are the sister group to all other woodpeckers99, and the Asian, African, and Neotropical 
barbets share successively closer relationships to the Neotropical toucans100.  

 The last major clade of the land bird assemblage, called Australavis101 or 
Australaves5, is comprised of seriemas (Cariamidae), falcons (Falconidae) and parrots 
(Psittaciformes) as the successive sister groups to the monophyletic perching birds 
(Passeriformes). This topology has been identified consistently in several recent 
studies5,82,83. We confirm the monophyly of the extant seriemas (Chunga+Cariama). 
Within the falcons, our tree is exactly congruent with Griffiths et al.102 Within the parrots 
(Psittaciformes), our topology–
(Nestor+(Probosciger+((Barnardius+Psittrichas)+(Psittacus+Deroptyus))))– is largely 
congruent with Wright et al.103, except for the placement of Psittrichas fulgidus. Wright 
et al.103 found (Barnardius+(Psittrichas+(Psittacus+Deroptyus))), but their placement of 
Psittrichas was among the most poorly supported relationships in their analysis.  

 Congruent with previous morphological104 and molecular5,82,83,85 phylogenetic 
analyses of the passerines, the New Zealand wrens (Acanthisitta) are the sister group to 
the suboscine and oscine clades (Fig. 1). Within the Old World suboscines, our placement 
of the Malagasy asities (Neodrepanis) as sister to Asian Eurylaimus is congruent with 
previous morphological105 and molecular106 phylogenies. Congruent with Moyle et al.106, 
we identify an exclusive clade including Smithornis and Calyptomena broadbills. 
However, pittas (Pitta) are placed within the broadbills as the sister group to the 
Smithornis and Calyptomena clade. The monophyly of all broadbills and asities, 
excluding the pittas, was the lowest supported node in the Moyle et al. phylogeny106 
(BS=0.85). This novel placement of Pitta should be tested further with greater taxon 
sampling.  

 Within the New World suboscines, we identified the two main tracheophone and 
tyrannoid clades (Fig. 1). The phylogenetic relations among the tracheophones in our tree 
are largely congruent with Moyle et al.107 and Ohlson et al.108. Congruent with Ohlson et 
al.108, we find Melanopareia to be the sister group to the thamnophilid antbirds. In 
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contrast, Moyle et al.107 placed Melanopareia as sister to all other tracheophones except 
thamnophilids, but this relationship was poorly supported107. Furthermore, within 
antbirds, we find Myrmornis to be the sister group to Terenura callinota and 
Thamnophilus ruficapillus, whereas Moyle et al.107 placed Terenura sharpei as the sister 
group to all other thamnophilids. Bravo et al.109 place both T. callinota and T. sharpei in 
a clade as sister to all other antbirds, putting them in the new genus Euchrepomis. Further 
taxon sampling will be needed to resolve the conflict between our phylogeny and these 
previous analyses107,109.  
 
 Within the tyrannoid suboscines, the relationships are quite similar to recent 
phylogenies by Tello et al.110 and Ohlson et al.108, with a few notable differences. 
Congruent with several recent studies108,111, the manakins (Pipridae) and cotingas 
(Cotingidae) are monophyletic, successive sister groups to the rest of the tyrannoids. 
Within manakins, Neopelma is sister to Cryptopipo and Ceratopipra, which is congruent 
with all recent phylogenies112-114. The next tyrannoid lineage is a clade including the 
Sharpbill (Oxyruncus) and Myiobius– the Onychorhynchini of Tello et al.110, or the 
Onychorhynchidae-Oxyruncidae clade of Ohlson et al.108. The tityrid clade (Tityridae) 
and Piprites are the next successive sister groups to the tyrant flycatcher radiation 
(Tyrannidae). Within tyrannids, Rhynchocyclus (Rhynchocyclinae) and Hirundinea 
(Hirundineinae) are successive sister groups to rest, within which Elaenia (Elaeniinae) is 
the sister group to Hymenops (Fluvicolinae) and Tyrannus (Tyranninae).  
 
 Within the oscine clade, the interrelationships among the 15 oscine passerines 
sampled are exactly congruent with the phylogeny of Barker et al.115. Three 
Australopapuan lineages comprise the first three successive sister groups to the rest of the 
oscines. The lyrebirds (Menura) are sister group to the rest. A clade including the 
Australian treecreepers (Climacteris) and the bowerbirds (Sericulus and Ptilonorhynchus) 
is the next, and the fairy wrens (Malurus) are the third. The corvoid clade (Corvus and 
Lophorhina) is the sister group to the Passerida clade. Within Passerida, the Sylvioidea 
(Poecile, Calandrella, Pycnonotus, and Sylvia) are sister groups to the Muscicapoidea 
(Turdus and Regulus) and the Passeroidea (Fringilla and Spizella). Within the sylvioids, 
our topology– (Poecile+(Calandrella+(Pycnonotus+Sylvia)))– is exactly congruent with 
Barker et al.115. 
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Figure'S1.'Concatenated'RAxML'Tree.!The!RAxML!phylogeny!estimated!using!the!
75!partition!model!and!100!bootstrap!replicates.!Branch!lengths!are!proportional!to!
substitutions/site,!and!low!support!nodes!are!highlighted!in!yellow.!Various!clades!
are!colored!according!to!our!classification!scheme:!Palaeognathae!(black/gray),!
Galloanserae!(red)!Strisores!(brown),!Columbaves!(purple),!Gruiformes!(yellow),!
Aequorlitornithes!(blue),!and!Inopinaves!(green).!
' '
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Figure'S2.'Statistical'binning'and'bootstrap'support.'Histograms!of!average!
bootstrap!support!and!the!percentage!of!highly!supported!nodes!across!individual!
loci.!!(A)!distributions!for!unbinned!loci.!Most!loci!have!high!average!bootstrap!
support!(~70),!and!most!loci!have!a!high!percentage!(~55%)!of!branches!with!
bootstrap!support!>!75.!!(B)!loci!after!binning!with!a!bootstrap!threshold!of!75.!Most!
supergenes!have!high!average!bootstrap!support!(~70),!but!the!lowTsupport!tail!of!
the!distribution!(A)!has!been!eliminated.!Most!supergenes!have!a!high!percentage!
(~60%)!of!branches!with!bootstrap!support!>75.!
'
' '
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! 3!

Figure'S3.!Binned'ASTRAL'Tree.'Coalescent!species!tree!generated!with!the!
(weighted)!binned!ASTRAL!algorithm,!with!low!support!branches!collapsed!(<!75!
bootstrap!support).!Various!clades!are!colored!according!to!our!classification!
scheme:!Palaeognathae!(black/gray),!Galloanserae!(red)!Strisores!(brown),!
Columbaves!(purple),!Gruiformes!(yellow),!Aequorlitornithes!(blue),!and!
Inopinaves!(green).!
'
' '
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! 4!

Figure'S4.'Analyses!of!phylogenetic!informativeness!of!the!loci!captured!by!
anchored!hybrid!enrichment!of!198!bird!species.!A)!Values!of!ψ!of!all!individual!loci!
and!combinations!of!loci!assigned!to!partitions!by!PartitionFinder!for!the!crown!of!

Neoaves!given!relative!divergences!corresponding!to!approximate!internode!

lengths!between!5!and!6!million!years.!B)!Visualizations!of!PI!profiles!for!the!loci!
with!the!highest!and!lowest!values!of!ψ.!C)!PI!profiles!for!loci!that!span!the!variance!
of!ratios!in!the!PI!of!crown!of!Neoaves!to!Crown!Aves,!with!low!ratios!corresponding!

to!the!highest!decline!in!informativeness.!D)!Probability!of!ψ!of!individual!loci!that!
span!the!range!of!locus!lengths!and!the!concatenated!dataset!for!focal!nodes:!NeAv=!

most!recent!common!ancestor!(MRCA)!Neoaves;!StTi=!MRCA!of!Struthio!and!
Tinamus;!GaAn!=!MRCA!of!Gallus!and!Anas;!CaTo!=!MRCA!of!Caprimulgus!and!
Topaza;!CuTa!=!MRCA!of!Cuculus5and!Tauraco;!MoCo!=!MRCA!of!Monias!and!
Columba;!TuCo!=!MRCA!of!Tauraco!and!Columba;!RaTu!=!MRCA!of!Rallus!and!
Turdus;!StTu!=!MRCA!of!Sterna!and!Turdus;!OpTu!=!MRCA!of!Opisthocomus!and!
Turdus;!VuTu!=!MRCA!of!Vultur!and!Turdus;!TyTu!=!MRCA!of!Tyto!and!Turdus;!CaTu!
=!MRCA!of!Cariama!and!Turdus;!FaTu!=!MRCA!of!Falco!and!Turdus;!NeTu!=!MRCA!of!
Nestor!and!Turdus;!StAr!=!MRCA!of!Sterna!and!Ardea;!StPh!=!MRCA!of!Sterna!and!
Phoenicopterus;!EuAr!=!MRCA!of!Eurypyga!and!Ardea;!ThFu!=!MRCA!of!
Thamnophilus!and!Furnarius;!and!PiTy!=!MRCA!of!Pitta!and!Tyrannus.!E)!PI!profiles!
of!dataset!partitions!used!in!divergence!time!estimation.!

!

' '
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! 5!

Figure'S5.!Calculations!of!ψ!values!for!individual!loci!sorted!by!the!number!of!
nucleotides!that!span!the!range!of!locus!lengths!and!the!concatenated!dataset!for!
hypothetical!nodes.!ψ values!were!quantified!for!a!range!of!internode!distances!
across!a!set!range!of!tree!depths:!A)!a!shallow!divergence!occurring!at!10%!of!the!
total!depth,!B)!a!divergence!occurring!at!30%!of!the!total!tree!depth,!C)!a!divergence!
occurring!at!60%!of!the!total!tree!depth,!D)!a!divergence!occurring!at!5%!of!the!total!
tree!depth,!E)!a!divergence!occurring!at!25%!of!the!total!tree!depth,!and!F)!a!
divergence!occurring!at!60%!of!the!total!tree!depth!with!a!fifty!percent!reduction!in!
the!range!of!internode!distances!relative!to!those!in!A.!!
'
' '
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! 6!

Figure'S6.'Time'calibrated'Bayesian'Tree.'The!final!calibrated!analysis!(median!
ages)!of!the!ExaBayes!topology!and!36!data!partitions!(see!supplemental!text),!
shown!here!with!error!bars!at!each!node!indicating!the!95%!HPD!confidence!
intervals.!For!an!alternative!calibration!analysis!that!includes!the!fossil!Vegavis,5see!
Fig.!S12.'
'
' '
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! 7!

Figure'S7.'Posterior'distributions'of'estimated'node'ages.'Node!numbers!on!the!
left!margin!refer!to!nodes!in!the!Bayesian!tree!(Fig.!1).!Boxplots!represent!the!
posterior!distribution!of!node!ages!across!the!summarized!distribution!of!trees!from!
the!dating!analysis.!Whisker!lines!represent!2.5!and!97.5!percentiles,!while!the!inner!
box!represents!the!interquartile!range!and!median.!Fossil!calibrated!nodes!are!
labeled!in!red,!and!other!key!nodes!at!the!interordinal!level!are!labeled!in!blue.'
'
' '
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! 8!

Figure'S8.'Maximum'Likelihood'Analysis'of'the'Anchored'Enrichment'data'set'
pruned'to'48'taxa.'Phylogenetic!hypothesis!produced!with!RaxML!from!the!
anchored!enrichment!data!for!a!reduced!sample!of!48!species!representing!the!same!
clades!examined!in!a!recent!phylogenetic!analysis!of!48!whole!avian!genomes5.!Red!
lineages!mark!clades!that!are!incongruent!with!the!Bayesian!and!ML!trees!of!the!full!
anchored!enrichment!data!set!(Fig.!1).!
'
' '
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! 9!

Figure'S9.'Comparison'of'Prior'and'Posterior'age'estimates.'The!black!base!tree!
is!derived!from!summarizing!an!MCC!tree!with!median!node!heights!from!the!
distribution!of!trees!generated!when!only!prior!calibrations!are!included!in!the!
BEAST!analysis!(i.e.,!it!is!a!representation!of!the!effective!prior!on!the!entire!
topology).!The!red!arrows!at!each!node!indicate!how!the!estimated!divergence!
times!change!when!our!new!molecular!data!is!included!in!the!analysis!(ie,!a!
representation!of!the!posterior).!Arrows!pointing!to!the!left!indicate!posterior!ages!
that!are!older!than!their!effective!prior,!and!arrows!pointing!to!the!right!indicate!
posterior!ages!that!are!younger.!The!posterior!divergence!time!estimates!of!nodes!
with!no!arrows!were!within!1%!of!their!effective!prior.!!!
!
' '
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! 10!

Figure'S10.'Alternative'Time'calibrated'Bayesian'Tree'including'Vegavis(
calibration'point.'A!time!calibrated!sensitivity!analysis!of!the!ExaBayes!topology!
and!the!top!ten!data!partitions!(those!ten!partitions!which!exhibited!the!lowest!
declines!in!phylogenetic!informativeness),!shown!here!with!error!bars!at!each!node!
indicating!the!95%!HPD!confidence!intervals.!This!analysis!includes!the!putative!
stem!anseriform!Vegavis!(see!supplemental!text).!For!comparison!to!the!primary!
analysis!that!excludes!Vegavis,!see!Fig!S12.!
!
!
' '
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! 11!

Figure'S11.'Comparison'of'Posterior'age'estimates'of'the'avian'crown'clade'
with'and'without'Vegavis(calibration'(see'Supplement'text).!The!inclusion!of!
Vegavis!increased!the!median!estimated!age!of!the!avian!crown!clade!by!6.36!MY!to!
78.26!MY.!This!revised!estimate!is!not!significantly!different!from!our!previous!
analysis!(Fig.!S6TS7),!because!it!falls!within!the!HPD!confidence!intervals!of!our!
initial!estimate!of!the!root!age!without!the!Vegavis5calibration.!
!
' '
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! 12!

Figure'S12.'Comparison'of'divergence'time'estimates'without'(black)'and'with'
(red'arrows)'Vegavis(calibration.'The!black!base!tree!is!the!time!calibrated!
Bayesian!analysis!(Fig.!S6)!which!excludes!the!putative!stem!Anseriform!Vegavis.!
The!red!arrows!at!each!node!indicate!how!the!estimated!divergence!times!change!
when!Vegavis!is!included!in!the!analysis!as!a!calibration!point!(Fig.!S10).!For!most!
nodes,!ages!are!increased!slightly!by!the!inclusion!of!Vegavis,!but!significant!changes!
are!restricted!to!the!Galloanseres!(Fig.!S9).!The!posterior!divergence!time!estimates!
of!nodes!with!no!arrows!were!within!1%!of!the!analysis!excluding!Vegavis.'
!
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APPENDIX 4 

SUPPLEMENTARY MATERIAL FOR CHAPTER 4 

Additional data files can be accessed at the online version of this article 

http://dx.doi.org/10.1093/sysbio/syx064 

and 

http://dx.doi.org/10.5061/dryad.nr654 
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Additional	Background	and	Discussion	21	

	22	

Context	23	

Molecular	age	estimates	of	the	deepest	divergences	within	crown	birds	range	from	24	

the	mid	(Barker	et	al.	2002,	Jetz	et	al.	2012,	Jarvis	et	al.	2014)	to	the	Late	Cretaceous	25	

(Claramunt	et	al.	2015,	Cracraft	et	al.	2015,	Prum	et	al.	2015),	while	the	oldest	definitive	26	

crown	fossils	are	either	known	from	the	early	Paleogene	(Slack	et	al.	2006),	or	the	latest	27	

Cretaceous	(Clarke	et	al.	2005,	Clarke	et	al.	2016).	A	similar	pattern	of	absolute	discordance	28	

in	divergence	time	estimates	has	been	observed	for	crown	eutherian	mammals;	molecular	29	

clocks	tend	to	favor	a	radiation	in	the	Late	Cretaceous	(Tavare	et	al.	2002,	Bininda-Emonds	30	

et	al.	2007,	Wilkinson	et	al.	2011),	while	the	fossil	record	is	consistent	with	a	Paleogene	31	

radiation	(Smith	et	al.	2006,	O'Leary	et	al.	2013).	This	‘rocks/clocks’	discrepancy	is	not	32	

restricted	to	vertebrates.	The	oldest	fossil	angiosperms	date	to	around	140	Ma	(Brenner	33	

1996,	Friis	et	al.	2011),	while	molecular	clock	estimates	generally	support	a	much	older	34	

Triassic	origin	of	~200	Ma	(e.g.	Smith	et	al.	2010,	Zeng	et	al.	2014).	Indeed,	discordance	35	

between	the	fossil	record	and	molecular	divergence	time	estimates	may	be	a	general	36	

property	of	eukaryotic	life	(Peterson	et	al.	2004,	Fontanillas	et	al.	2007,	Erwin	et	al.	2011,	37	

Parfrey	et	al.	2011);	in	general,	deep	clade	ages	estimated	with	molecular	clocks	frequently	38	

overshoot	those	suggested	by	the	fossil	record	by	substantial	margins.	39	

	 As	summarized	in	the	main	text,	several	methodological	and	biological	forces	may	40	

be	partly	responsible	for	this	phenomenon.	A	study’s	density	of	taxon	sampling	(Prum	et	al.	41	

2015),	the	choice	and	placement	of	fossil	calibrations	(Parham	et	al.	2011),	genetic	data	42	

quality	(Dornburg	et	al.	2014),	and	the	choice	of	clock	model	(Drummond	et	al.	2006),	have	43	



	
	

	 3	

all	been	implicated	as	potential	factors	contributing	to	discordance	in	divergence	time	44	

estimates,	and	their	additive	contributions	may	help	explain	this	pattern.	However,	both	45	

strict	and	relaxed	molecular	clock	approaches	fail	to	provide	age	estimates	consistent	with	46	

the	fossil	record	in	the	absence	of	highly	informative	(and	arguably	circular)	priors	for	47	

many	clades,	including	crown	birds	(Phillips	2015,	Prum	et	al.	2015).	Claramunt	et	al.	48	

(2015)	illustrated	that	employing	a	tree	prior	that	takes	incomplete	taxon	sampling	into	49	

account	also	has	an	additive	effect	on	over-estimates	of	avian	crown	age.	Additionally,	the	50	

inference	of	pronounced	incomplete	lineage	sorting	among	avian	lineages	in	the	wake	of	51	

the	K-Pg	(Jarvis	et	al.	2014,	Suh	et	al.	2015),	may	be	partly	responsible	for	inferred	rate	52	

increases	due	to	incorrectly	mapped	substitutions	in	analyses	of	concatenated	gene	53	

sequences	(Mendes	et	al.	2016).	54	

Numerous	biological	forces	may	be	responsible	for	driving	the	over-estimation	of	55	

divergence	time	estimates	from	molecular	sequence	data.	First,	genetic	coalescence	time	56	

(the	age	of	genetic	divergence),	is	expected	to	be	older	than	the	age	of	morphological	57	

divergence	(given	that	the	accrual	of	phenotypic	apomorphies	takes	time).	Under	an	58	

allopatric	model	of	speciation,	genetic	differences	are	predicted	to	accumulate	in	daughter	59	

lineages	by	drift	even	in	the	absence	of	morphological	evolution	that	can	be	detected	in	the	60	

fossil	record	(Brown	et	al.	2008).	While	the	effect	of	this	‘morphological	lag	time’	is	61	

potentially	important	and	should	be	investigated	further,	its	effects	are	difficult	to	quantify	62	

and	are	likely	to	be	clade-	and	context-specific.	63	

	64	

Substitution	rates	65	
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	 Others	have	also	proposed	that	discrepancies	between	molecular	clock-based	ages	66	

and	the	fossil	record	may	be	partially	explained	by	extreme	molecular	rate	heterogeneity	67	

driven	by	the	evolution	of	life	history	traits	(e.g.	Lartillot	et	al.	2011,	Dornburg	et	al.	2012,	68	

Steiper	et	al.	2012,	Beaulieu	et	al.	2015,	Phillips	2015).	The	association	between	LHTs	and	69	

substitution	rates	has	been	studied	in	many	clades,	and	while	strong	correlations	have	70	

emerged	in	some	cases,	others	remain	more	equivocal.	As	a	few	examples:	in	mammals,	71	

strong	associations	have	been	detected	between	mtDNA	and	body	size	(Steiper	et	al.	2012),	72	

in	birds:	nuDNA—no	association	with	body	size,	sexual	maturity	or	sexual	maturity	73	

(Lanfear	et	al.	2010),	nuDNA-	strong	association	with	body	size	(Jarvis	et	al.	2014,	Weber	et	74	

al.	2014),	mtDNA—strong	associations	with	longevity	and	body	size	(Nabholz	et	al.	2013),	75	

in	reptiles:	mtDNA	and	nuDNA—strong	association	with	body	size	(Bromham	2002),	in	76	

fishes:	mtDNA—strong	association	with	longevity	(Hua	et	al.	2015),	in	flowering	plants:	77	

mtDNA	and	nuDNA—strong	associations	with	generation	time	(Smith	et	al.	2008),	in	78	

invertebrates:	no	association	with	body	size	(Thomas	et	al.	2006),	strong	association	with	79	

generation	time	(Thomas	et	al.	2010).	80	

	 Many	LHTs	are	correlated	with	nucleotide	substitution	rates	through	their	often-81	

strong	association	with	demography	and	population	genetics.	For	example,	body	size,	82	

longevity,	and	fecundity	are	related	to	population	size	(e.g.	Hutchinson	1959).	As	generally	83	

derived	from	predictions	of	the	nearly	neutral	theory	of	molecular	evolution	(Kimura	84	

1968),	the	strength	of	drift	scales	negatively	with	effective	population	size	for	slightly	85	

deleterious	mutations,	thereby	increasing	substitution	rates	as	population	size	declines	86	

(Ohta	1973,	Woolfit	et	al.	2003,	Lanfear	et	al.	2013)—if,	as	is	generally	accepted,	most	87	

mutations	are	deleterious	and	adaptive	substitutions	are	rare,	while	holding	other	88	
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parameters	constant,	e.g.	Woolfit	(2009).	Thus,	one	plausible	explanation	for	an	89	

acceleration	of	substitution	rate	in	the	history	of	bird	evolution	might	be	a	pronounced	90	

reduction	in	the	effective	population	sizes	of	lineages	surviving	the	K-Pg.	Future	91	

simulations	may	help	shed	light	on	the	extent	to	which	post-K-Pg	population	reduction	may	92	

have	influenced	substitution	rates;	however,	given	the	difficulty	of	inferring	ancestral	93	

population	sizes	in	the	distant	past,	this	question	may	never	be	directly	testable.	94	

	 Substitution	rates	may	also	be	inversely	related	to	generation	time	because	of	the	95	

‘copy	error	effect,’	whereby	genomes	that	are	copied	more	often	accumulate	more	DNA	96	

replication	errors—this	association	has	been	largely	established	in	mammals,	though	the	97	

relationship	may	not	be	linear	(e.g.	Bromham	2011).	In	most	other	sexual	organisms	where	98	

detailed	life	history	data	are	not	available,	the	age	of	sexual	maturity	has	often	been	used	as	99	

a	proxy	for	generation	time	(Sibley	et	al.	1990,	Bromham	2011).	However,	age	of	sexual	100	

maturity	may	be	a	poor	indicator	of	genetic	generation	time	and	demography	for	101	

iteroparus	species	like	birds	(it	should	only	be	taken	as	the	lower	bound	for	genetic	102	

generation	time,	as	age	to	maturation	does	not	typically	scale	at	the	same	rate	as	longevity,	103	

e.g.	Lehtonen	et	al.	2014).	Indeed,	the	age	of	sexual	maturity	was	not	significantly	104	

correlated	with	substitution	rate	when	controlling	for	other	LHTs	in	our	analysis	(Figure	105	

2).	Our	detection	of	significant	associations	between	other	parameters	and	substitution	106	

rate	in	pairwise	comparisons	may	thus	be	interpreted	as	the	result	of	their	co-variation	107	

with	adult	body	size	(e.g.	Martin	et	al.	1993,	Lehtonen	et	al.	2014).	The	significant	negative	108	

association	we	detect	between	body	size	and	substitution	rate	while	controlling	for	other	109	

LHTs	suggests	that	adult	body	size	may	be	a	better	proxy	for	genetic	generation	time	or	110	

population	size	than	other	LHTs	are	in	birds.	Until	more	detailed	life	history	data	become	111	
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available	for	a	wider	diversity	of	extant	bird	species,	we	must	rely	on	correlates	to	study	112	

the	relationship	between	LHT-driven	changes	in	population	genetics	and	substitution	rates.	113	

	114	

Mutation	rate,	metabolic	rate,	and	body	size	115	

We	avoid	using	the	terms	‘substitution	rate’	and	‘mutation	rate’	interchangeably,	as	116	

many	authors	do	(Barrick	et	al.	2013).	These	terms	have	different	connotations;	we	use	the	117	

term	‘mutation	rate’	strictly	to	refer	to	the	rate	at	which	mutations	are	generated,	and	118	

‘substitution	rate’	to	refer	to	the	fixation	rate	(which	can	be	inferred	from	phylogenies	and	119	

molecular	sequence	data).	An	increase	in	the	mutation	rate	may	be	expected	to	lead	to	an	120	

increase	in	the	substitution	rate,	all	else	being	equal	(since	the	mutation	rate	represents	the	121	

ultimate	source	of	genetic	diversity).		122	

When	controlling	for	body	size	(as	we	do	in	our	study),	the	total	metabolic	rate	is	a	123	

measure	of	mass-specific	metabolic	rate,	which	has	been	proposed	to	scale	inversely	with	124	

body	size	and	positively	with	mutation	rate,	perhaps	due	to	an	increase	in	mutagenic	125	

oxygen	radicals	in	smaller	taxa	with	higher	mass-specific	metabolic	rates	(Gillooly	et	al.	126	

2005,	Gillooly	et	al.	2007,	Bromham	2011).	Thus,	smaller-bodied	taxa	(Reynolds	et	al.	1996,	127	

McNab	2012)	may	be	predicted	to	have	higher	intrinsic	mutation	rates	(Gillooly	et	al.	2005,	128	

Gillooly	et	al.	2007).	129	

Fundamentally,	this	is	a	prediction	derived	from	neutral	theory’s	result	that	the	130	

substitution	rate	collapses	to	the	mutation	rate	for	neutral	mutations,	independent	of	131	

population	size	(Kimura	1968).	If	the	underlying	avian	mutation	rate	scales	positively	with	132	

mass-specific	metabolic	rates,	the	substitution	rate	for	neutral	mutations	may	be	expected	133	

to	increase	with	decreasing	body	size.	Our	analyses	show	that	substitution	rates	in	birds	do	134	
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scale	positively	with	mass-specific	metabolic	rates.	While	these	results	do	not	constitute	a	135	

direct	test	of	this	mechanism	(in	lieu	of	an	estimator	of	the	true	mutation	rate	in	this	136	

study),	they	are	consistent	with	the	hypothesis	that	higher	mass-specific	metabolic	rates	in	137	

small	taxa	may	drive	a	higher	mutation	rate	(and	thus	an	elevated	substitution	rate	as	138	

well).	139	

	 In	sum,	the	effects	of	the	relationship	between	body	size	and	population	dynamics,	140	

as	well	as	intrinsic	biological	processes	such	as	metabolic	rates,	may	be	predicted	to	141	

additively	contribute	to	increases	in	overall	substitution	rate	under	selection	for	small	body	142	

and/or	population	size.	Notably,	in	extant	communities,	body	size	is	often	inversely	143	

correlated	with	population	size	or	abundance	(e.g.	White	et	al.	2007).	Therefore,	a	144	

macroevolutionary	decrease	in	body	size	may	be	expected	to	be	correlated	with	an	145	

increase	in	population	size	and	decrease	in	generation	time,	thus	acting	to	neutralize	146	

effects	on	substitution	rate.	We	consider	this	scenario	unlikely,	given	that	the	K-Pg	likely	147	

decimated	population	sizes	among	surviving	lineages.	However,	even	if	population	sizes	148	

among	survivers	were	high,	increases	in	mass-specific	metabolic	rate	due	to	selection	for	149	

smaller	body	size	in	the	extinction’s	aftermath	may	still	have	acted	to	increase	overall	150	

substitution	rate.	Our	analyses	support	the	hypothesis	that	the	mutation	rate,	and	not	only	151	

the	substitution	rate,	may	be	higher	in	smaller-bodied	birds.	152	

Despite	the	difficulty	of	completely	disentangling	the	effects	of	these	correlated	153	

phenomena	(Jablonski	2008),	changes	leading	to	reductions	in	body	size	(or	complete	154	

filtering	of	large	taxa)	may	be	expected	to	produce	the	same	net	effect	(Romiguier	et	al.	155	

2014);	i.e.,		a	transient	increase	in	the	rate	of	nucleotide	substitution	(consistent	with	a	156	

Lilliput-rate-process	in	the	wake	of	the	K-Pg	mass	extinction).	Our	results	predict	that	157	
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branch	length	errors	induced	by	life	history	evolution	should	be	reduced	in	clades	that	158	

have	experienced	relatively	little	life	history	evolution	(e.g.	Nabholz	et	al.	2016).	159	

	160	

Effect	of	the	root	prior	on	divergence	time	estimation	161	

Prum	et	al.	(2015)	employed	a	soft	gamma-distributed	prior	on	the	avian	root	age	162	

derived	from	the	absence	of	crown	fossils	in	the	Niobrara	formation	(sediments	rich	in	163	

crownward	stem	birds	and	other	small	vertebrates	(Benton	et	al.	2007,	Field	et	al.	2015);	164	

this,	in	combination	with	19	fossil	calibrations	vetted	according	to	recently-published	best	165	

practices	(Parham	et	al.	2012),	resulted	in	the	inference	of	a	TMRCA	of	~72	Ma	(95%	HPD:	166	

66.9-79.4	Ma)	for	crown	birds,	and	HPD	intervals	straddling	the	K-Pg	boundary	(~66	Ma)	167	

for	the	radiation	of	Neoaves.	168	

	 To	investigate	the	effect	of	this	soft	prior	parameterization	on	estimates	of	169	

substitution	rate	and	divergence	times	across	the	avian	crown,	and	to	investigate	the	170	

ability	of	relaxed	clocks	to	detect	extreme	substitution	rate	shifts	in	the	absence	of	171	

informative	priors,	we	re-analyzed	the	Prum	et	al.	(2015)	timescale	without	this	prior	(all	172	

other	parameters	were	unchanged	from	the	original	analysis).	We	used	sequence	data	from	173	

the	ten	data	partitions	described	in	Prum	et	al.	(2015),	filtered	to	exhibit	the	lowest-174	

possible	declines	in	phylogenetic	informativeness	(Townsend	2007).	This	dataset	175	

comprises	~40kb	(or	~10%	of	the	full	Prum	et	al.	(2015)	dataset)	of	genomic	sequence	176	

data,	and	was	selected	to	minimize	the	possibility	that	rate	inferences	would	be	biased	by	177	

the	effects	of	saturation	(Nabholz	et	al.	2013,	Dornburg	et	al.	2014,	Prum	et	al.	2015).	Our	178	

sensitivity	analysis	was	performed	in	BEAST	1.8.3	(Drummond	et	al.	2012)	with	a	fixed	179	

topology	(following	the	Bayesian	result	from	Prum	et	al.	2015)	and	a	Bayesian	relaxed	180	
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clock	model	of	uncorrelated	molecular	rates	which	allows	for	sister	or	descendant	lineages	181	

to	sample	disparate	rates	from	a	continuous	lognormal	distribution	(Drummond	et	al.	182	

2006).	183	

Our	reanalysis	generated	a	root	age	estimate	younger	than	many	prior	studies	of	184	

avian	divergence	dates,	yet	considerably	older	(by	about	40	million	years)	than	the	185	

earliest-known	fossil	evidence	of	the	avian	crown	group:	median	age	106.84	Ma	(95%	HPD	186	

79.46-143.442)—indicating	the	Niobrara	prior	contributes	~30	Ma	of	branch	length	187	

compression	to	the	deepest	branches	in	the	avian	phylogeny	relative	to	an	unconstrained	188	

analysis	(Supplemental	Figure	1).	The	application	of	the	prior	on	the	root	also	substantially	189	

influences	the	inference	of	extreme	rates	at	the	base	of	the	tree	in	the	context	of	the	well-190	

sampled	Cenozoic	calibration	set	used	in	this	analysis	(Prum	et	al.	2015).	191	

	 This	sensitivity	analysis	yielded	estimates	for	early	divergences	within	the	major	192	

avian	subclade	Neoaves	close	to	the	K-Pg	boundary	(considering	95%	HPD	intervals)—193	

with	the	caveat	that	the	employed	Cenozoic	fossil	crown	group	priors	have	soft	maxima	194	

defined	by	the	K-Pg—Supplemental	Figure	1	(e.g.	Prum	et	al.	2015).	In	the	absence	of	the	195	

Niobrara	prior	however,	median	posterior	ages	for	many	of	these	nodes	predate	the	K-Pg,	196	

illustrating	a	source	of	uncertainty	about	the	role	the	K-Pg	may	have	played	in	subsequent	197	

diversification	(e.g.	Jetz	et	al.	2012).	In	general	however,	this	result	is	consistent	with	Prum	198	

et	al.	(2015),	and	is	similar	to	the	timescale	inferred	in	a	more	recent	study	of	a	large	199	

nucleotide	dataset	with	comparable	taxon	sampling	(median	root	age	of	96.6	Ma;	95%	HPD	200	

84.2-114.3;	Claramunt	et	al.	2015).	Claramunt	et	al.	(2015)	used	over	1000	clock-like	201	

exons,	24	priors	generated	from	130	fossils	using	a	novel	methodology,	and	a	birth-death	202	
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tree	prior	that	accounted	for	incomplete	taxon	sampling,	also	without	an	explicit	prior	on	203	

the	root	age.	204	

	 To	test	the	sensitivity	of	our	Coevol	correlational	analyses	to	the	application	of	the	205	

Niobrara-informed	soft	calibration	maximum,	we	repeated	our	initial	correlational	206	

analyses	(Figure	2	of	the	main	text,	and	Supplementary	Figure	6)	using	a	time-scaled	207	

phylogeny	generated	without	the	Niobrara	prior	(Supplementary	Figure	1B).	The	208	

correlational	patterns	were	nearly	identical	to	the	correlational	analyses	and	results	we	209	

report	in	the	main	text	based	on	the	Prum	et	al.	(2015)	time	tree.	In	partial	correlations,	210	

body	size	and	metabolic	rate	remain	statistically	significant	while	other	LHTs	do	not,	and	211	

thus,	overall	correlational	patterns	do	not	appear	to	be	strongly	affected	by	application	of	212	

the	Niobrara	prior.	213	

	214	

Coevol	estimates	of	the	antiquity	of	the	avian	crown	215	

In	general,	we	used	the	approach	outlined	here	and	in	the	main	text	to	test	the	216	

hypothesis	that	the	inclusion	of	body	size	as	a	covariate	of	substitution	rate	should	reduce	217	

the	relative	ages	of	lineages	we	reconstruct	as	having	experienced	pronounced	size	218	

reduction	in	association	with	the	K-Pg	mass	extinction.	While	a	direct	test	of	a	Lilliput-rate-219	

process	along	specific	avian	lineages	generated	equivocal	results	due	to	current	220	

methodological	limitations	(see	below),	all	available	indirect	evidence	is	consistent	with	221	

this	hypothesis.	In	combination,	our	results	supporting	substantial	size	decreases	222	

associated	with	the	K-Pg,	and	multifaceted	evidence	supporting	the	hypothesis	that	size	223	

decreases	(or	the	filtering	out	of	large	sizes)	lead	to	macroevolutionary	increases	in	224	

substitution	rates	(relative	to	pre-extinction	conditions),	make	a	compelling	case	for	225	
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invoking	the	Lilliput	Effect	as	a	potential	hypothesis	to	reconcile	the	rocks/clocks	debate	226	

across	the	neornithine	crown.	227	

	 In	Coevol,	the	root	age	is	an	inherently	difficult	parameter	to	estimate	(Nicolas	228	

Lartillot,	personal	communication,	Lartillot	et	al.	2011,	Lartillot	et	al.	2012).	Thus,	we	229	

attempted	to	validate	our	results	by	examining	convergence	across	repeated	Bayesian	230	

analyses	starting	from	different	random	values.	Each	repeated	analysis	ran	as	described	in	231	

the	main	text	for	>two	months	(>10,000	samples	from	the	posterior)	on	a	high-232	

performance	computing	cluster.	Across	these	independent	analyses	with	and	without	body	233	

mass,	mean	MRCA	age	estimates	for	Neornithes	failed	to	converge,	and	therefore	could	not	234	

be	used	to	identify	a	Lilliput-rate-process	acting	on	the	avian	root	node.	While	the	results	235	

from	several	independent	chains	fit	our	prediction	(a	substantial	reduction	in	the	ages	of	236	

the	deepest	nodes	when	including	body	size	evolution	in	the	model),	we	suggest	that	237	

technical	limitations	preventing	unequivocal	testing	of	this	prediction	of	a	Lilliput-rate-238	

process	present	a	clear	direction	for	future	methodological	refinement	and	analytical	tool	239	

development.	240	

	 Many	additional	tests	were	performed	on	individual	data	partitions,	and	with	241	

different	combinations	of	fossil	calibrations;	none	yielded	reliable	estimates	of	early	avian	242	

divergence	times	in	Coevol	1.4b.	A	test	which	constrained	all	node	ages	(except	for	the	243	

three	deepest	nodes	in	Neornithes)	to	match	those	estimated	in	Prum	et	al.	(2015)	revealed	244	

that	Coevol	1.4b	explores	the	root	age	parameter	space	extremely	slowly	(and	currently	245	

has	no	option	to	enable	user-specified	tuning	of	this	parameter).	Thus,	it	is	unable	to	246	

estimate	this	parameter	with	consistency	within	a	reasonable	computational	timeframe	for	247	

this	dataset	(MCMC	convergence	diagnostics	indicated	low	(<20)	ESS	values	for	the	root	248	



	
	

	 12	

age	(all	other	parameters	>	200)).	Discussions	with	the	software	developer	confirmed	this	249	

current	technical	limitation	for	large-scale	data.	250	

Intriguingly,	across	all	repeated	Coevol	analyses,	divergence	times	apical	to	the	251	

calibration	points	were	virtually	identical.	The	inferred	lengths	of	apical	branches	252	

experiencing	life	history-induced	rate	accelerations	are	therefore	perhaps	constrained	in	253	

dating	analyses	by	sister	lineages	evolving	at	less	extreme	rates	and	by	fossil	calibrations.	254	

Thus,	rate	increases	driven	by	life	history	evolution	along	apical	branches	may	not	manifest	255	

as	extremely	long	branches	in	the	context	of	these	constraints,	whereas	the	deepest	nodes	256	

in	the	avian	tree,	which	lack	such	indirect	or	direct	rate	priors,	can	extend	to	implausibly	257	

ancient	divergence	times.	This	hypothesis	is	corroborated	by	our	divergence	time	258	

simulations	that	compared	low,	median,	and	heavy	taxon	partitions	from	within	neoavian	259	

subclades	(Simulation	B,	Supplemental	Figure	7);	while	the	age	of	Neoaves	is	extremely	260	

sensitive	(~30	Ma),	the	age	of	Neornithes	remains	relatively	constant	(~	95	Ma),	even	261	

without	fossil	calibrations.	As	a	result,	age	estimates	for	Neoaves	may	effectively	be	262	

maximally	constrained	by	age	estimates	for	Neornithes	(since	the	former	is	a	subclade	of	263	

the	latter).	264	

	 While	Coevol	is	currently	the	most	sophisticated	tool	for	investigating	the	kinds	of	265	

correlation	structures	treated	in	the	present	work,	absolute	ages	estimated	in	this	way	are	266	

not	easily	comparable	to	those	from	similar	analyses	using	other	software	(e.g.	BEAST,	see	267	

below)	because	they	are	generated	with	fundamentally	different	clock	models.	Age	268	

estimates	derived	from	autocorrelated	clocks	that	follow	a	Brownian	rate	evolution	269	

assumption	(like	Coevol)	allow	for	limited	variance	in	substitution	rates	across	close	270	

branches,	and	therefore	may	induce	older	ages	in	the	presence	of	rapid	life	history	271	



	
	

	 13	

evolution	that	drives	extreme	and	uncalibrated	substitution	rate	variation	(Lartillot	et	al.	272	

2016).	However,	in	the	presence	of	appropriately	conservative	calibrations	(sensu	Phillips	273	

2015),	relaxed	clock	analyses	should	be	able	to	accommodate	life	history-induced	274	

substitution	rate	changes,	but	only	for	nodes	apical	to	the	calibration	points	(above).	We	275	

illustrate	this	by	visualizing	the	BEAST	output	from	the	Prum	et	al.	(2015)	divergence	time	276	

estimation	as	a	‘phenogram,’	(Revell	2012),	with	estimated	branch	rates	plotted	at	each	277	

node	(Supplemental	Figure	2).	Supplemental	Figure	3	illustrates	the	same	distribution	of	278	

rates	plotted	as	a	histogram	(in	gray)	and	a	ranked	list	(red	line	with	associated	quartiles),	279	

and	also	plots	inferred	branch	rates	directly	onto	the	Prum	et	al.	(2015)	phylogeny.	280	

	281	

Late	Cretaceous	body	size	estimates	282	

Body	mass	estimates	were	generated	for	the	late	Maastrichtian	avifauna	described	283	

by	Longrich	et	al.	(2011).	This	avifauna	comprises	17	taxa	(18	specimens,	Supplemental	284	

Figure	4)	from	within	300,000	years	of	the	K-Pg	boundary,	and	represents	numerous	285	

crownward	stem	avian	lineages	(including	Enantiornithes,	‘Palintropiformes’,	286	

Hesperornithes,	Ichthyornithes),	and	at	least	ten	taxa	phylogenetically	indistinguishable	287	

from	crown	birds.	As	is	unfortunately	the	case	with	the	early	fossil	record	of	crown-grade	288	

birds,	our	study	is	necessarily	limited	with	respect	to	the	sample	size	of	this	assemblage,	289	

which	represents	most	of	the	well-studied	avian	fossil	material	definitively	dated	to	the	290	

latest	Cretaceous.	291	

Although	all	of	these	remains	are	comprised	of	fragmentary,	isolated	elements	(and	292	

therefore	are	mostly	phylogenetically	unresolved	relative	to	each	other),	the	series	of	293	

equations	for	avian	body	mass	estimation	derived	by	Field	et	al.	(2013)	allowed	mean	body	294	
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mass	estimates,	and	associated	95%	prediction	intervals,	to	be	derived	for	the	coracoids	295	

and	tarsometatarsi	represented	in	this	dataset.	Although	the	relatively	large	size	of	some	296	

fossil	taxa	from	this	assemblage	(mean	=	1380.2g;	median	=	958.5g)	could	be	explained	by	297	

bias	against	the	preservation	and	discovery	of	small	Maastrichtian	bird	fossils,	the	shape	of	298	

the	transformed	sample	distribution	(illustrated	by	the	red	curve	in	Figure	1)	does	not	299	

suggest	a	skew	towards	larger	body	sizes.	300	

We	examined	the	shape	of	this	full	distribution	to	test	for	skew	using	a	variety	of	301	

approaches.	Using	the	fitdistrplus	R	package	(Delignette-Muller	et	al.	2015),	we	fit	normal,	302	

lognormal,	gamma,	weibull,	and	exponential	distributions	to	log-transformed	body	size	303	

estimates	using	maximum	likelihood,	and	found	that	the	first	three	were	statistically	304	

preferred	from	the	remaining	two	but	indistinguishable	from	each	other	using	AIC	scores.	305	

We	also	tested	whether	the	kurtosis	and	skewness	are	significantly	different	from	zero,	and	306	

found	that	they	were	not	(one-tailed,	p=0.16,	and	p=0.59,	respectively).	The	Shapiro-Wilk	307	

(p=0.84),	Anderson-Darling	(p=0.89),	Cramér-von	Mises	(p=0.87),	Pearson	chi-square	308	

(p=0.69),	Shapiro-Francia	(p=0.93),	and	Kolomogorv-Smirnov	(p=0.91)	normality	tests	309	

(implemented	in	the	‘nortest’	R	package,	Thode	2002,	Gross	et	al.	2012)	all	failed	to	reject	310	

the	null	hypotheses	of	normality,	and	a	visualization	of	a	normal	Q-Q	plot	showed	no	311	

obvious	deviations	from	linearity	(not	shown).	Therefore,	we	suggest	that,	while	312	

taphonomic	size	bias	represents	a	legitimate	challenge	in	paleontology,	the	size	313	

distribution	of	the	late	Maastrichtian	fossil	sample	investigated	here	does	not	show	clear	314	

evidence	of	being	strongly	skewed	towards	larger	sizes.	315	

As	a	final	note,	our	sample	includes	two	representatives	of	the	Enantiornithes–a	316	

group	more	distantly	related	to	crown	birds	than	are	the	other	taxa	in	the	analysis.	Also	317	
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included	are	two	tarsometatarsi	from	hesperornithines,	which	may	have	been	flightless	318	

and	therefore	possibly	not	reasonable	analogues	for	early	crown	birds.	Given	that	these	319	

taxa	are	relatively	large	with	respect	to	most	other	taxa	in	the	sample,	an	additional	320	

potential	caveat	to	our	fossil	body	size	analyses	is	that	their	inclusion	increases	our	321	

estimates	of	central	tendency.	While	this	is	true,	the	effect	is	not	large	enough	to	change	322	

our	conclusions	(as	log	transforming	the	data	reduces	the	effects	of	extreme	observations);	323	

removing	the	two	Enantiornithes	from	our	dataset	reduces	that	dataset	mean	and	median	324	

to	1122.75g	and	820g,	respectively—still	substantially	larger	than	our	ASR	estimates	for	325	

the	neornithine	MRCA.	Further	removal	of	the	hesperornithines	reduces	the	mean	(to	326	

938.4g)	and	median	(to	636g);	however,	we	note	that	these	values	are	also	still	larger	than	327	

our	ASR	estimates,	and	still	at	least	twice	as	large	as	our	estimates	for	the	Neoaves	MRCA.	328	

Moreover,	we	feel	that	removing	the	hesperornithines	from	this	sample	is	unjustified,	as	329	

these	are	among	the	closest-known	stem	group	relatives	of	crown	birds,	and	including	330	

them	helps	constrain	the	ancestral	body	size	of	crown	birds.	Although	all	well-represented	331	

hesperornithine	remains	are	flightless,	the	group	was	ancestrally	flighted,	and	the	pedal	332	

remains	in	our	sample	preclude	assessment	of	the	flying	ability	of	the	particular	333	

hesperornithine	taxa	in	our	analysis.	Although	the	caveats	noted	here	about	potential	body	334	

size	bias	in	this	sample	are	important,	we	suggest	the	fact	that	some	crownward	stem	taxa	335	

are	comparatively	large	(though	still	comfortably	falling	within	the	range	of	body	size	336	

variation	exhibited	by	living	flying	birds)	may	simply	reflect	the	fact	that	larger	body	sizes	337	

were	selectively	filtered	across	the	K-Pg	extinction	event,	consistent	with	the	hypothesis	of	338	

an	avian	Lilliput	Effect.	339	

	340	
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Principle	component	analyses	of	life	history	parameters	341	

In	order	to	evaluate	how	life-history	parameter	co-linearity	might	influence	342	

estimates	of	the	correlation	structure	among	the	eight	life	history	parameters	in	this	study	343	

and	DNA	substitution	rate,	we	performed	an	additional	analysis	in	Coevol	1.4b	using	the	344	

first	principle	component	derived	from	a	phylogenetic	PCA	(Revell	2010)	of	all	eight	life	345	

history	axes	treated	here.	Missing	data	were	imputed	using	the	Rphylopars	(Bruggeman	et	346	

al.	2009)	R	package	with	default	settings,	and	the	completed	data	matrix	was	subsequently	347	

analyzed	using	a	phylogenetic	PCA	(using	the	correlation	matrix)	(Revell	2012).	We	found	348	

that	PC1	explained	~70%	of	the	variance	in	the	dataset.	Body	mass	and	metabolic	rate	349	

loaded	heavily	on	this	axis	(-0.87	and	-0.92,	respectively).	Using	PC1	as	a	covariate	of	350	

substitution	rate	in	Coevol	1.4b	(Lartillot	et	al.	2011,	Lartillot	et	al.	2012)	indicated	that	this	351	

statistically	independent	life	history	axis	explained	only	slightly	more	of	the	variance	in	352	

substitution	rate	(R2=0.33,	with	or	without	GC	variation	considered)	than	did	adult	body	353	

mass	alone	(R2=0.26)	(both	with	pp=1.0).	Thus,	adult	body	mass	is	a	good	proxy	for	life	354	

history	variation	(Supplemental	Figure	5).	355	

	356	

	357	

	358	

	359	

	360	

	361	

	362	
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Figure	S1.	Illustration	of	the	effect	of	removing	the	Niobrara	crown	prior	on	the	estimation	363	

of	avian	divergence	dates	under	the	Prum	et	al.	(2015)	node	dating	framework	(A).	Branch	364	

colors	and	widths	are	plotted	as	proportional	to	inferred	rate	of	molecular	evolution.	The	365	

black	base	tree	(in	C)	is	the	Prum	et	al.	(2015)	time	tree	(A),	and	the	red	arrows	indicate	366	

where	median	posterior	divergence	dates	are	shifted	when	the	top-10	dataset	from	that	367	

study	is	reanalyzed	without	the	crown	prior	(B),	while	keeping	all	other	priors	consistent	368	

with	those	of	Prum	et	al.	(2015).	While	the	dates	of	all	nodes	are	shifted	further	back	in	369	

time,	the	bulk	of	the	change	is	restricted	to	nodes	that	occur	close	to	the	K-Pg	boundary.	370	

Notably,	the	95%	HPD	confidence	intervals	of	the	7	most	inclusive	nodes	within	Neoaves	371	

(not	shown)	straddle	the	K-Pg	boundary,	even	in	the	absence	of	an	informative	prior	on	the	372	

root,	providing	support	for	a	major	radiation	of	Neoaves	related	to	the	K-Pg	mass	373	

extinction.	374	
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Figure	S2.	Visualization	of	the	inferred	branch	rates	from	Prum	et	al.	(2015)	as	a	386	

‘rateogram’	(Revell	2012).	Median	branch	rates	are	plotted	along	the	vertical	axis	387	

coordinates	(shown	here	as	relative	rates),	across	time.	Branch	colors	recapitulate	those	of	388	

the	seven	major	clades	depicted	in	Prum	et	al.	(2015)	and	those	in	the	main	text	Figure	3	of	389	

the	present	study.	The	dashed	red	line	indicates	the	Cretaceous/Paleogene	boundary,	and	390	

the	dotted	black	line	indicates	the	oldest	unambiguous	crown	bird	fossil	serving	as	a	node	391	

calibration	in	Prum	et	al.	(2015),	the	stem	sphenisciform	Waimanu	manneringi.	An	392	

additional	18	fossils	were	used	to	calibrate	clade	ages	in	Prum	et	al.	(2015),	but	they	are	all	393	

younger	than	W.	manneringi.	Thus,	the	use	of	a	Niobrara-informed	prior	to	constrain	the	394	

age	of	the	root	induces	deep	branch	rates	that	are	~5-20x	faster	than	the	slowest-evolving	395	

lineages	in	these	analyses.	396	
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Figure	S3.	Visualization	of	the	inferred	substitution	rates	from	the	primary	Prum	et	al.	409	

(2015)	BEAST	analysis.	These	rates	were	inferred	under	an	uncorrelated	relaxed	410	

lognormal	clock	model,	with	19	well-justified	fossil-informed	prior	calibrations	and	a	411	

Niobrara-informed	calibration	on	the	root	(following	the	original	analysis	in	Prum	et	al.	412	

2015).	On	the	left,	rates	are	plotted	along	branches	and	colored	and	scaled	in	proportion	to	413	

rate	(also	shown	in	Supplemental	Figure	1A).	The	histogram,	shown	in	grey,	generally	414	

follows	the	shape	of	a	lognormal	distribution,	indicating	that	the	posterior	distribution	of	415	

rates	is	informed	by	the	lognormal	prior.	Overlaid	on	the	histogram	are	the	same	rate	data,	416	

sorted	from	slowest	to	fastest,	and	then	normalized	by	the	slowest	rate;	rates	are	inferred	417	

to	vary	by	~20x.	The	black	confidence	intervals	around	this	line	indicate	the	upper	and	418	

lower	quartiles	of	the	rate	posterior	distributions	(not	the	95%	HPD).	419	
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Figure	S4.	Mean	mass	estimates	and	associated	95%	prediction	intervals	for	the	latest-431	

Maastrichian	avifauna	described	by	Longrich	et	al.	(2011).	For	isolated	coracoids	within	432	

this	assemblage	the	predictive	mass	equation	for	humeral	articulation	facet	measurements	433	

[ln(BM)	=	2.44(ln	HAF)	+	2.00]	from	Field	et	al.	(2013)	was	applied.	For	isolated	434	

tarsometatarsi,	the	predictive	mass	equation	for	tarsus	midshaft	diameter	[ln(BM)	=	435	

2.38(ln	TaD)	+	3.12]	from	Field	et	al.	(2013)	was	applied.	The	dashed	line	indicates	the	436	

mean	mass	estimate	for	this	fossil	assemblage.	437	
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Figure	S5.	Left:	Phylogenetic	PCA	(Revell	2010)	of	the	life	history	data	treated	in	the	454	

present	study,	with	PC1	regressed	against	PC2	to	illustrate	statistical	independence	(R2	~	455	

0.01),	with	loadings	(red	arrows)	of	different	parameters	projected	into	component	space.	456	

Middle:	the	proportion	of	variance	in	the	dataset	explained	by	different	statistically	457	

independent	components.	Right:	PC1	(which	explains	>70%	of	the	total	variance)	458	

regressed	against	ln(adult	mass),	to	illustrate	that	body	mass	is	a	good	proxy	for	life	history	459	

variation	(R2	~	0.83).	460	
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Figure	S6.	Pairwise	scatterplot	matrix	of	life	history	traits	(LHTs)	downloaded	from	the	477	

AnAge	database	for	a	sample	of	198	bird	species.	Scatterplots	of	the	raw,	natural	log-478	

transformed	data	with	accompanying	simple	linear	regression	(to	illustrate	general	trends)	479	

are	shown	in	the	lower	left	triangle.	The	upper	right	triangle	summarizes	the	R2	values	for	480	

simple	linear	regression	(top),	phylogenetically	informed	regression	(middle	value	–	481	

pairwise	regression	coefficient	from	Coevol),	and	the	number	of	missing	data	points	in	each	482	

comparison	(bottom).	These	data	are	also	reported	in	/SuppData4/coevol-data-files/all-483	

data/mega-data-clutch-size-per-year-chain1.cov.	Asterisks	indicate	Bonferroni-corrected	484	

significance	at	the	0.05	level	(for	the	top	number),	and	maximal	posterior	probabilities	485	

(pp=1.0)	(middle	number).	The	colors	of	the	boxes	in	the	top	right	triangle	are	scaled	per	486	

the	direction	and	strength	of	the	correlation	in	the	uncorrected	linear	regression	(red,	487	

negative;	blue,	positive).	488	
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Figure	S7.	Simulations	of	the	effect	of	size-biased	extinction	on	the	inferred	age	of	Neoaves	500	

(Simulation	B).	The	composition	of	Palaeognathae	and	Galloanserae	(the	successive	sister	501	

groups	to	Neoaves)	are	held	constant,	and	partitions	of	heavy	(green),	median	(red),	and	502	

low	(blue)	mass	representatives	of	the	major	neoavian	subclades	were	analyzed	using	both	503	

strict	and	relaxed	molecular	clocks.	This	analysis	illustrates	that	inferred	clade	ages	within	504	

Neoaves	are	strongly	influenced	by	body	size.	For	relaxed	clock	analyses,	up	to	~35	Ma	of	505	

divergence	time	disparity	in	the	age	of	Neoaves	can	be	explained	by	substitution	rate	506	

variation	related	to	body	size	alone.	The	different	median	posterior	estimates	generated	507	

from	both	strict	and	relaxed	clock	simulations	span	a	range	of	hypotheses	invoking	508	

different	effects	of	the	K-Pg	mass	extinction	on	neoavian	diversification.	All	simulations	of	509	

this	type	using	the	median	mass	taxon	partition	are	consistent	with	a	post-K-Pg	radiation	of	510	

Neoaves,	and	are	entirely	congruent	with	the	known	avian	crown	group	fossil	record.	511	

While	the	median	mass	taxon	partition	may	not	represent	the	‘true’	age	of	Neoaves,	we	512	

suggest	this	estimate	should	be	less	biased	by	lineages	evolving	at	either	extremely	high	or	513	

extremely	low	rates	of	molecular	evolution.	514	
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Figure	S8.	Ancestral	body	size	estimates	from	Coevol	correlational	analysis.	Following	523	

(Lartillot	et	al.	2012),	we	compared	posterior	distributions	of	ancestral	state	524	

reconstructions	generated	in	Coevol	1.4b	(Lartillot	et	al.	2011).	Using	the	model	referred	to	525	

in	the	main	text	which	included	body	mass,	metabolic	rate,	and	GC	content	variation,	we	526	

generated	estimates	of	ancestral	body	size	conditioned	on	rates	of	molecular	evolution	527	

implied	by	the	Prum	et	al.	(2015)	time-scaled	phylogeny	(histograms	shown	in	red,	with	528	

dashed	line	indicating	the	median).	Histograms	shown	in	white	(with	solid	line	indicating	529	

the	median)	were	generated	in	Coevol	with	the	‘–diag’	flag,	which	forces	the	covariance	530	

matrix	to	be	diagonal	(rates	and	traits	evolve	independently).	As	discussed	in	the	main	text,	531	

these	simulations	suggest	that	the	fast	rates	implied	by	the	Prum	et	al.	(2015)	phylogeny	532	

are	enough	to	considerably	reduce	the	estimated	size	reconstructions	for	several	key	nodes	533	

(e.g.,	Neornithes,	Neognathae,	and	Neoaves),	even	beyond	what	is	implied	by	independent,	534	

fossil-calibrated	reconstructions	(Figure	1).	Because	Coevol	detects	a	statistically	535	

significant	correlation	between	body	size	and	substitution	rate,	ancestral	state	536	

reconstructions	that	do	not	accommodate	this	correlation	can	be	statistically	rejected	in	537	

this	context	(N.	Lartillot,	personal	communication).	538	
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Additional	Data	Table	S1	(separate	file)	546	

Life	history	data	table	formatted	for	input	into	the	Coevol	analytical	software.	Life	history	547	

data	were	obtained	from	the	AnAge	senescence	database	Build	13	(De	Magalhães	et	al.	548	

2009,	Tacutu	et	al.	2013).	We	collated	the	following	data:	(1)	age	at	sexual	maturity	(days),	549	

(2)	incubation	time	(days),	(3)	number	of	eggs	laid	per	year,	(4)	mass	at	hatching	(grams),	550	

(5)	growth	rate	(1/days),	(6),	maximum	recorded	longevity	(years),	and	(7)	total	metabolic	551	

rate	(watts).	Relative	to	the	set	of	198	avian	taxa	in	Prum	et	al.	(2015),	when	matching	552	

genera	occurred	in	the	AnAge	database,	we	used	averages	at	the	genus	level;	otherwise,	we	553	

used	family-level	averages.	Body	mass	(grams,	species	average)	data	were	collected	from	554	

Dunning	Jr	(1992).	This	yielded	a	data	matrix	with	~49%	missing	data	overall	(with	no	555	

missing	data	for	body	mass).	556	

	557	
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Additional	Data	Table	S2	(separate	file)	569	

Correlation	coefficients	and	posterior	probabilities	from	substitution	rate	analysis	with	570	

Coevol	1.4b	(summarized	in	Figure	2).	Raw	posterior	probabilities	are	reported	as	ranging	571	

from	from	0.0	(100%	support	for	a	negative	correlation)	to	1.0	(100%	support	for	a	572	

positive	correlation).	Negative	correlations	are	reported	as	1-raw	in	the	main	text.	573	
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Additional	Data	Table	S3	(separate	file)	592	

Data	table	of	estimated	crown	fossil	masses	used	as	body	size	priors	to	calibrate	ASRs.	593	

Mean	body	mass	estimates	and	associated	95%	prediction	intervals	are	derived	from	594	

published	predictive	equations	(Field	et	al.	2013).	Unless	otherwise	noted,	measurements	595	

for	these	taxa	are	taken	from	holotype	specimens,	and	unless	otherwise	noted,	published	596	

measurements	were	used	from	references	noted	in	the	table.	597	
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Additional	Data	File	S4	(SuppData4.zip,	separate	file)	615	

We	provide	as	a	zip	archive	the	data	and	script	files	necessary	to	reproduce	the	analyses	in	the	616	

present	work.	A	detailed	readme	txt	file	is	included	in	this	zip	archive	that	outlines	the	analytical	617	

procedures	needed	to	replicate	the	major	analyses	in	the	present	work.		618	
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