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Most extant species are in clades with poor fossil records, and recent studies of comparative methods show they have low power

to infer even highly simplified models of trait evolution without fossil data. Birds are a well-studied radiation, yet their early

evolutionary patterns are still contentious. The fossil record suggests that birds underwent a rapid ecological radiation after the

end-Cretaceous mass extinction, and several smaller, subsequent radiations. This hypothesized series of repeated radiations from

fossil data is difficult to test using extant data alone. By uniting morphological and phylogenetic data on 604 extant genera of

birds with morphological data on 58 species of extinct birds from 50 million years ago, the “halfway point” of avian evolution, I

have been able to test how well extant-only methods predict the diversity of fossil forms. All extant-only methods underestimate

the disparity, although the ratio of within- to between-clade disparity does suggest high early rates. The failure of standard models

to predict high early disparity suggests that recent radiations are obscuring deep time patterns in the evolution of birds. Metrics

from different models can be used in conjunction to provide more valuable insights than simply finding the model with the highest

relative fit.
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The ecological and evolutionary processes that control how clades

diversify in morphological space are complex (e.g., Foote 1997),

and when combined with the impacts of sporadic extinction events

and geographic changes through time, it is impossible to fully

understand a clade’s history using data from only extant forms.

Unfortunately, most clades have poor fossil records, and much

of the history of life has been lost through the biases of the

rock record, although there are particular clades with exceptional

representation (Behrensmeyer et al. 2000). Incorporating fossil

data can have a profound impact on inferences of evolutionary

patterns, even when the record is incomplete (e.g., Finarelli and

Flynn 2006; Slater et al. 2012; Slater 2013; Pant et al. 2014).

Despite these complexities, if evolutionary biologists are in-

tent on documenting the history of life, we need methods that

can at least approximate patterns of evolution in deep time for

clades without fossil information. Methods based on extant taxa

are strongly limited by a near-universal requirement of mono-

tonic dynamics through time (although see Morlon et al. 2011).

Simulation-based studies have shown that many commonly used

methods lack the power to discriminate between different mod-

els reliably (Boettiger et al. 2012; Slater and Pennell 2013), and

the mismatch between the patterns informed by the extant-only

comparative approaches and the patterns observed in the fossil

record are stark. Analyses of extant-only datasets consistently

find little-to-no signal of rapid early morphological diversifica-

tion (e.g., Harmon et al. 2010), whereas analyses of fossil data

regularly support a pattern of morphological evolution in which

a disproportionate amount of morphological evolution in a clade

happens in the first half of a clade’s history (e.g., Hughes et al.

2013).

Fossil data can improve our understanding of certain clades,

as well as serve as a check on various methods that may be too
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sensitive to recent divergences to infer ancient patterns. Ancient

species can only be placed on phylogenies using morphological

data, which makes integrating information from the fossil record

with molecular phylogenies difficult. However, the phenotypic

variance observed within fossil species can be known with rel-

atively high precision, allowing us to understand how disparity

has changed through time. By comparing different metrics of fit

between trait distributions and molecular phylogenies (rate es-

timates, changes in rates, patterns of subclade disparity, etc.) to

disparity trajectories observed in the fossil record, we can begin to

understand not only where our simplified models are inadequate

but also how to interpret conflicting signals.

Recent advances in our understanding of both avian phy-

logeny (Hackett et al. 2008; Jetz et al. 2012; Jarvis et al. 2014)

and the completeness of the avian fossil record (Behrensmeyer

et al. 2003; Turvey and Blackburn 2011; Ksepka and Boyd 2012;

Mitchell 2015) have made birds an attractive system for under-

standing how different methods for inferring deep time evolution

relate to one another. Given that we have only recently had access

to high-resolution data on the phylogeny of birds, most of our

understanding of the deep patterns of avian evolution has come

exclusively from paleontology. Early interpretations of the bird

fossil record all focused on the apparent high rates of evolution

immediately after the end-Cretaceous mass extinction, and sug-

gested that there was a burst of ecological innovation directly

associated with that event (e.g., Feduccia 1995). Although early

studies lacked a phylogenetic framework, and were based on a

potentially too-literal reading of the fossil record, the general im-

pression of rapid diversification has only gained further support.

Mayr (2005) noted the incredible diversity of nonpasserine birds

in the Paleogene, as essentially all extant ecologies are present

in the Paleogene, including specialists such as nectar-feeding

forms (Mayr and Wilde 2015), aerial insectivores (Ksepka et al.

2013), wading birds (Smith et al. 2013), and sallying frogmouths

(Nesbitt et al. 2011). These ecological specialists all evolved by

about 50 million years ago after the origin of crown Aves, and

about 15 million years ago after the end-Cretaceous mass extinc-

tion, which wiped out the earlier radiations of flighted stem birds

(Benson and Choiniere 2013; Brusatte et al. 2014; Mitchell and

Makovicky 2014).

The wide array of ecological forms in the Eocene fossil record

has lead evolutionary biologists to hypothesize an early burst in

all avians, but also to hypothesize about a subsequent radiation

in Passeriformes specifically (Mayr and Manegold 2004; Mayr

2005; Livezey and Zuis 2007; Manegold 2008; Barker 2011).

This sets up a hypothesis of two major ecological radiations in

crown birds: once at the base of the tree and another again with the

origin of Passeriformes. The primary way of detecting adaptive

radiations from phylogenies of living species is to assume that

the rate of morphological evolution decays through time, which

means that a wholesale analysis of living birds is likely unable

to test this dual-radiation hypothesis. Understanding how quickly

birds diversified, and testing hypotheses of complex dynamics

such as these, requires uniting fossil data with molecular phylo-

genies and morphological data from extant birds.

In this study, I build on previous phylogenetic work (e.g.,

Jetz et al. 2012) and studies of morphological evolution (e.g.,

Schweizer et al. 2014) in birds to explore how effectively the deep

history of the avian ecological radiation can be inferred. The most

recent estimate for the age of crown Aves is in the Cretaceous,

approximately 100 million years ago (Jetz et al. 2012; Jarvis

et al. 2014), and two exceptional fossil deposits (Lagerstatten)

are known from the “halfway point” of avian evolution (about

50 million years ago): North America’s Green River Formation

(52 million years ago) and Germany’s Messel pits (47 million

years ago). I fit models of phenotypic evolution to phylogenies of

extant taxa, and used the parameters from those models to predict

the expected disparity at the “halfway point” of avian evolution,

which I compared to the disparity observed in the fossil record.

These deposits preserve a suite of complete fossil bird skeletons

that are both amenable to morphometric analysis and that have

been robustly placed into a phylogenetic framework (e.g., Mayr

2005; Grande 2013).

The deep divergence among avian lineages has received a lot

of critical attention, and different datasets have yielded conflicting

results (e.g., James 2005; Brown et al. 2008; Pacheco et al. 2011;

Ksepka and Boyd 2012). Phenotypic evolution in birds has also

received a lot of attention and in a large compilation of compar-

ative databases, only young clades of birds (clades �25 million

years old) were found to show strong evidence of early bursts of

phenotypic evolution (Harmon et al. 2010). Inferring deep time

dynamics in lineages that have undergone many recent radiations

is a major problem in evolutionary biology, as recent radiations

both phenotypically and in terms of lineage diversity can obscure

deep time patterns. By combining large-scale analyses of modern

birds with estimates of disparity from two major bird Lagerstatten,

I am able to document the minimum rate at which birds diver-

sified ecologically, and compare that rate to those estimated via

various methods commonly used by evolutionary biologists. This

approach provides evidence for the rate of ecological evolution

in the early avian radiation, and also provides insight into how

different model selection criteria can be used for reliable for in-

ferences of deep time dynamics in clades in which fossil data are

lacking.

In this article, I estimated the mode of the avian radiation

using the “classic” approach of maximizing the likelihood of ex-

tant disparity on a time-calibrated molecular phylogeny (Harmon

et al. 2010), and using a recently developed Bayesian method

that incorporates fossils as node priors (Slater et al. 2012). These

methods allowed me to compare the support for the Early Burst
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(EB) model to that of Brownian Motion (BM), and also produced

parameter estimates. The adequacy and sensitivity of these ap-

proaches have recently been called into question (e.g., Boettiger

et al. 2012), and so I also leveraged the posterior predictive ap-

proach from Slater and Pennell (2013) to again compare models

and estimate evolutionary parameters. By measuring a large num-

ber of fossil birds from two time periods, I was able to compare

the disparity each model-based approach predicted for birds in

the past to the observed disparity in the fossil record. Due to bi-

ased preservation, the disparity observed in the fossil record is an

underestimate of the actual disparity that existed, as many taxa

that were alive fail to make it into the fossil record. This means

that any comparative method that predicts disparity lower than

that observed can be rejected with confidence, whereas methods

based on extant taxa that predict variance higher than that ob-

served in the fossil record can be considered consistent to some

degree with the independent evidence from the fossil record.

Methods
DATA

I used linear measurements of length of the humerus, ulna, car-

petometacarpus, femur, tibiotarsus, and tarsometarsus as well as

the widths for all those elements except the carpetometacarpus

for 604 genera of extant birds (1375 specimens) and 58 gen-

era of extinct birds (202 specimens). Measurements were taken

from the right and left sides of every specimen where possible,

and averaged between sides for a single specimen, then among

sexes within a single species, then among species within a single

genus to form a generic average. Generic averages were neces-

sary to ensure that extinct and extant values were comparable

(see Mitchell and Makovicky 2014). These linear measurements

were combined with categorical beak scores for dentary curvature

(straight, ventrally deflected, or fully recurved), culmen curvature

(straight, tip recurved, or fully recurved), beak length relative to

cranial length (shorter, subequal/equal, longer than cranium, or

more than twice cranium length), and finally the width/height ra-

tio of the beak (narrower than tall, as wide as tall, wider than tall).

Categorical beak scores were used instead of measurements, as

fossil specimens were too crushed to allow for continuous mea-

sures. I computed the Gower distance (Gower 1971; Legendre

and Legendre 1998) between taxa using these data and an equal

weighting scheme for each character, and then used a principal co-

ordinates analysis (PCo) with a Lingoes correction (Lingoes 1971;

Legendre and Legendre 1998) to remove negative Eigenvalues.

This produced 14 axes, with analyses in this article primarily fo-

cused on the first (29% of the variance) and second (17% of the

variance) axes (see Inferring Ecology from Morphology section

below). This dataset is an expanded version of that published in

Mitchell and Makovicky (2014), and the updated dataset and code

for analyzing it is included in the Dryad file associated with this

article. Use of single principle coordinate axes without a phylo-

genetic correction can inflate the signal of models such as EB

relative to BM and Orstein–Uhlenbeck artificially (Uyeda et al.

2014), and so the support for EB, especially on axes 1 and 2,

should be interpreted as artificially high.

The extinct genera analyzed here are from the Eocene Green

River Formation (52 million years ago) and Messel pits (47 mil-

lion years ago). Both the Green River and Messel have a diversity

of small-bodied, perching forms (zygodactylids and primobuc-

conids), as well as numerous aquatic forms (e.g., Messelornis and

Limnofregata). For the datasets here, only described specimens

were used for Messel, whereas undescribed but novel forms were

included for Green River assemblage if those specimens were

housed at an accredited museum (see Dryad file for specimen

numbers and measurements). The largest-bodied forms in both

Eocene assemblages lack complete enough skeletons for inclu-

sion in this dataset, although large birds are known to be present

in the Eocene deposits (e.g., Vadaravis, Masillastega, Gastornis).

INFERRING ECOLOGY FROM MORPHOLOGY

Using morphology as a proxy for ecology is potentially problem-

atic, even for extant taxa. To accurately interpret results, the corre-

lation of morphological factors with ecological factors for extant

taxa must be known, and the accuracy of ecological reconstruc-

tions in extinct species must be tested against preserved ecological

evidence where possible (Zanno and Makovicky 2011; Mitchell

and Makovicky 2014). I used binary scores for habitat occupancy

and diet in extant birds to test for correlations between morphol-

ogy and ecology, per Mitchell and Makovicky (2014). The first

PCo axis (PCo1: 29% of the variance) is primarily a body size axis,

although with some habitat and dietary associations such that neg-

ative values represent very small, aerial-foraging, and primarily

nectivorous or insectivorous forest-dwelling birds (negative cor-

relations between PCo1 and ecology: –0.31 for forest-dwelling,

–0.27 for nectar-eating, –0.35 for arboreal insectivore) whereas

large values represent larger-bodied birds (positive correlations

between PCo1 and ecology: 0.29 for wetlands, 0.22 for marine,

0.2 for lakes, 0.32 for fish-eating, 0.36 for terrestrial vertebrate-

eating, and 0.23 for aquatic arthropod-eating).

To test how well extant ecomorphological relationships pre-

dict extrinsic evidence of ecology in extinct forms, I used the

method described in Mitchell and Makovicky (2014). This method

models the probability an extinct species has a certain ecologi-

cal trait as a function of the morphological distance between the

extinct form and all extant taxa, in which close morphological

relationships are taken as evidence of ecological similarity. This

can be validated by comparing the probability the extrinsic eco-

logical data associated with an extinct species (e.g., gut contents)
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Table 1. The accuracy of PCo1 for predicting ecological traits in

Messel birds with known gut contents compared with the prob-

ability of predicting those same ecological traits based solely on

how common they are in extant birds.

Genus PCo1 accuracy Random

Messelornis 0.012 0.108
Primobucco 0.56 0.396
Eocoracias 0.644 0.013
Eoglaucidium 0.639 0.448
Oligocolius 0.56 0.448
Primozygodactylus 0.531 0.448
Colymboides 0.09 0.108
Pumiliornis 0.088 0.053
Selmes 0.585 0.448

Bold indicates the piscivorous taxa Messelornis and Colymboides are the

only genera in which PCo1 underperforms relative to random assignment

based on the ecological frequencies in extant birds.

is accurately predicted from the similarities with extant species.

Nine described Cenozoic birds from Europe, primarily from the

Messel pits, have associated gut contents and are amenable to this

test (reviewed in Naish 2014), and the first PCo axis alone was

tested for its predictive power (see Table 1).

TAPHONOMIC CONSIDERATIONS

Comparing the morphological variance of fossil assemblages to

modern variance is confounded by the imperfect preservation of

fossil forms. Specifically, certain ecological traits impart greater

preservation potential (e.g., large body size, aquatic habits), and

so extinct species with these traits are overrepresented in fossil

deposits relative to their true abundances. Mitchell (2015) used a

model originally based on habitat filtering (Shipley et al. 2006;

Warton et al. 2014) to quantify how ecological traits in birds are

related to preservation probability. This model is a Poisson re-

gression that derives the species-specific preservation probability

based on the ecological traits and abundance of that species. I

used the data from Mitchell (2015) on 53 subfossil assemblages

ranging in age from the Late Pleistocene (<100,000 years old) to

recent, and expanded on the methods there to predict the expected

morphological variance (variance of PCo axis 1) under both a

filtering and uniform model of preservation. This facilitates in-

terpretation of deep time deposits by showing how the preserved

variance in an ancient assemblage matches what we would expect

from a fossilized modern community.

EVOLUTIONARY MODELS

I used 100 trees from the set of trees given in Jetz et al. (2012)

that are based on genetic data, pruned to 604 genera with mor-

phological data, to fit three evolutionary models (BM, Ornstein–

Uhlenbeck [OU], and EB) via maximum likelihood of the phy-

logenetic variance–covariance (VCV) matrix using the package

geiger (Harmon et al. 2008b) for the statistical software R (R Core

Team 2014) to explore how phylogenetic uncertainty impacts our

ability to understand evolutionary mode. BM is the foundational

model of modern comparative methods (Felsenstein 1985) and ex-

pects a constant increase in variance through time. OU is a model

originally derived from population genetics to detect stabilizing

selection (Hansen 1997) but that functionally models a steady

state of variance through time (Butler and King 2004). Finally,

the EB model is an adaptation of BM, in which the rate of variance

increase decays through time at a certain rate (r), and is meant to

model adaptive radiations (Harmon et al. 2008, 2010). I also fit

these models to a tree with all of the Passeriformes removed, re-

sulting in a tree of 363 extant taxa to explore whether the Neogene

radiation of Passeriformes obscures deep time reconstructions of

evolutionary patterns in birds. All models were compared using

Akaike weights (Burnham and Anderson 2002), as is common in

similar analyses. Simply determining which model fits best rela-

tive to other models can be highly misleading if none of the models

are accurate descriptions of process, or if multiple processes can

produce identical patterns. This means that to understand evolu-

tionary dynamics, each model and fit metric should be understood

as summarizing different aspects of the pattern of traits along the

tree (see below and Discussion).

To understand how incorporating fossil data directly in

the model-fitting process influences model support, I included

58 species as node priors (with the nodes determined by the

assignment of each species in its most recent assessment; see

CenBrackets file in Dryad) using the method described in Slater

et al. (2012). This method treats fossil data as a prior on the an-

cestral state of the closest node, and for most crown clades only a

single fossil is known. For those nodes, the morphological value

of the extinct species along PCo 1 was used as the mean, and a

static SD of 0.1 was used for the prior. For clades with multiple

fossils (e.g., the mousebirds; Coliiformes), I created the node prior

by using the mean and SD of all taxa close to that crown node.

The ages of the nodes were unaltered from the Jetz et al. (2012)

trees. Due to the intensive nature of fitting this method, the node

prior method was applied to seven of the Jetz et al. (2012) trees.

All of the methods above optimize parameters to fit the VCV

matrix of the phylogeny. However, the models can also be assessed

by comparing how well the parameters fit other metrics such as the

distribution of node heights through time (Freckleton and Harvey

2006) and the partitioning of disparity among and between clades

(Harmon et al. 2003). I assessed the fit of the BM and EB models

by adjusting the parameters by the fit of various previously devel-

oped posterior predictive metrics (Slater and Pennell 2013). These

posterior predictive metrics are fit to extant-only trees, and com-

pare the predicted slope between contrast size against node height

for a given parameter set to the observed slope found using either
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robust regression (this downweighs outliers; Robust Linear Model

(RLM)) or ordinary least-squares regression (OLS). The slope of

the contrast size through time is based on the Nodes Height Test

of Freckleton and Harvey (2006). The other metric used to check

the fit of parameters is a comparison of the predicted to observed

distribution of relative subclade disparity (morphological dispar-

ity index, MDI; Harmon et al. 2003). The MDI evaluates what

fraction of the total pairwise distance between tips is represented

in each subclade. Under an EB model, clades differentiate quickly

and converge rarely, resulting in relatively discrete subclades that

contain much less of the total disparity than a BM would predict.

For these analyses, I measured fit as either the MDI (in which 0 is

a perfect fit) or as the log density of the true slope value in the pos-

terior distribution (for RLM and OLS). I computed the harmonic

mean of the Akaike Information Criterion corrected (AICc) scores

from the Markov-Chain Monte Carlo (MCMC) chain for each of

these methods to find which model of morphological evolution

was best supported, and then used the parameter estimates for the

best-fit models to simulate avian evolution through time. Extant-

only trees were used as the fit of the parameters to the observed

fossil disparity as an additional form of posterior predictive check.

I also analyzed the fit of model parameters by computing

the number of elapsed phylogenetic half-lives for the EB models

(Slater and Pennell 2013). The phylogenetic half-life is a way of

rendering the rate of rate-decay (r) in the EB model in a more

intuitive form, as it describes the number of times the rate of

morphological evolution has been halved, computed as log(2)/r

divided by the total depth of the tree.

EVOLUTIONARY SIMULATIONS

Each of the fossil species examined here has been identified as

a stem member of a modern clade. For instance, Tynskya has

been described as a stem psittaciform, and so was placed on the

tree at a random (uniform) point along the edge separating the

crown psittaciform node (Nestor + Micropsitta), and the next

most ancient node (Psittaciformes + Passeriformes). For crown

clades with multiple fossil taxa stem members (e.g., Selmes and

Oligocolius both stem mousebirds), both fossils were placed on

the pertinent edge with a node of random length, drawn from a

uniform distribution between the maximum age possible given

the topology and 0.1 million years ago, separating them (rather

than combining them for a distribution, as done above for node

priors). A table of fossil taxa and the crown clade they are most

closely related to and the code I used for placing them on the

phylogeny are included in the Dryad repository.

I used each phylogeny, trimmed to the deposit’s age, to sim-

ulate trait evolution along the molecular phylogeny. This method

produces an ultrametric phylogeny with maximum depth equiva-

lent to the time between the ancestral node in Aves and the age

of the fossil deposits. These sliced phylogenies are smaller than
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Figure 1. Scatter plots showing the morphological disparity of

extant birds (gray outlines) and fossil birds (black points) from the

(A) Green River Formation and (B) Messel Pits.

trees produced via birth–death simulations parameterized by the

rates inferred from extant birds, but still have far more tips than

there are described fossil taxa for each deposit (median number of

tips for Green River: 85.5 and Messel: 102), and retain the known

topology and internode distances of the molecular tree up to the

age of the deposit. The sliced trees were rescaled according to the

relevant parameter (r for EB, alpha for OU, no rescaling for BM)

and then I simulated trait evolution along them and computed the

variance of the tips. The simulated results for 52 and 47 million

years ago were compared to the variance in PCo axis 1 observed

in the fossil record to find the fit. Because the fossil deposits rep-

resent restricted geographic ranges and the simulations are meant

to predict global avian disparity, and because the process of fos-

silization artificially decreases the variance preserved relative to

the variance that was alive (Mitchell 2015), the observed variance

at about 50 million years ago was taken as a hard minimum. Any

model that failed to predict a level of morphological variance at

least as a large as the preserved variance was considered incon-

sistent and rejected, whereas a model that predicted any level

of variance at or above the variance observed was considered

consistent with the current available data. All datafiles and code

necessary to recreate these analyses are included in the Dryad

repository associated with this article, as are the model fitting

outputs.

Results
The fidelity of ecomorphological relationships in extant taxa was

largely upheld when the accuracy of predicting gut contents in

extinct species was assessed (Table 1). As found in Mitchell and

Makovicky (2014), partially piscivorous species (Messelornis,

Colymboides) were the only group in which extant ecomorphol-

ogy did not perform better than random assignment (likely due to

the categorical nature of the beak data).

The Eocene birds occupy a large proportion of the mor-

phospace defined by extant birds (Fig 1). Ecological biases in
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Figure 2. Disparity (log variance in the first morphological PCo

axis) for two Eocene fossil Lagerstatten (black points) compared

with the Pleistocene-to-recent fossil assemblages (gray squares).

Morphological disparity predicted from ecological preservation

(dark gray bars) and uniform preservation (light gray bars) is

shown to demonstrate the range of morphological disparity for

fossilized modern assemblages.

preservation confirm previous reports that, in fossilized bird as-

semblages, the observed disparity is lower than the true disparity

(Fig. 2). This result confirms that the observed variance in mor-

phology for a fossil assemblage is an underestimate of the vari-

ance the true, living assemblage had. The Eocene assemblages

do show a constricted range, with relatively few small-bodied

birds, although large-bodied birds are known from these deposits

from scattered remains (see Methods). The disparity in the Eocene

Lagerstatten falls well within the bounds of what a modern ecosys-

tem would look like after being preserved in the fossil record.

That the Eocene deposits compare well with taphonomically

altered modern assemblages does not mean that the ancient as-

semblage actually had the same disparity as the modern world,

but it does set a minimum bound for the disparity. In other words,

the disparity of the bird assemblages that lived in the Eocene

was minimally what is preserved, as many taxa that actually lived

remain undiscovered or were not preserved at all or adequately

enough to be included here (e.g., Gastornis), and the subset of

taxa that were preserved and have been discovered is a biased

view of the total disparity that lived at the time.

To estimate how much disparity is expected in the ancient

deposits, I fit the various evolutionary models to the tree of living

birds. Akaike weights from the classic approach for the three

most common evolutionary models are presented in Figure 3A.

For none of the 100 trees from Jetz et al. (2012) is the EB model
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Figure 3. Akaike weights for three different evolutionary mod-

els fit over 100 phylogenies, ordered by support for OU, drawn

from the genetically constrained trees of Jetz et al. (2012) either

including (A) or excluding (B) Passeriformes. Although the rela-

tive support of BrM and OU varies substantially, EB is never the

best-supported model.

preferred (median Akaike weight: 0.20, max: 0.33), whereas BM

has the highest average weight (median: 0.53, max: 0.58) and OU

has the highest maximum weight (median: 0.26, max: >0.99).

The alpha parameter for the OU model ranges from essentially 0

to 0.027, with the trees in which OU is best supported having the

highest alpha values (Fig. 4A). When Passeriformes are excluded,

the EB model is supported even less (median weight: 0.11), and

the steady-state OU model is the best fit across most trees (median

weight: 0.57; Fig. 3B). Support for the EB model was uncorrelated

with node age across the different phylogenies (Fig. 5).

Both the likelihoods fit to the VCV matrix and the poste-

rior predictive check using the changes in contrast size through

time are more consistent with a BM model. Of all the extant-only

fit metrics used, only the comparison of the observed subclade

disparity to that predicted from the various parameter configu-

rations supports the EB model (median rate-decay parameter, r:

–0.0019; Fig. 6). The methods based only on extant taxa (classic

approach and posterior predictive method) suggest that almost no

phenotypic half-lives have elapsed. This means that the best-fit

EB pattern is still nearly indistinguishable from a general BM

model (Fig. 6). However, weakly incorporating fossil data using

the method of Slater et al. (2012) supports a much larger number
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Figure 4. Support (Akaike weight) for the OU model (A) and EB model (B) plotted against their non-Brownian parameters (alpha and r).
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Figure 5. Support (Akaike weight) for the EB model plotted

against the age of crown Aves in the 100 different phylogenies

examined here. Support for EB does not vary with node age, con-

sistent high recent rates of evolution being largely responsible for

the poor fit of EB.

of half-lives elapsing (due to a higher rate of phenotypic decay;

median r parameter: –0.049; Fig. 7), supporting a more dramatic

early radiation of birds than the extant-only models. For six of

the seven trees the node prior method was applied to, EB was the

favored model with an Akaike weight >0.99. In general, incor-

porating fossils as node priors produces support for a sufficient

amount of morphological evolution early in bird history to ac-

count for the high disparity observed at the “halfway point” of

avian evolution.
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Figure 6. Four metrics of “fit” from Slater and Pennell (2013).

Akaike weights are computed using the AICm based on the har-

monic mean of the post-burnin (75,000 generations) likelihoods

output by the MCMC chain (G. Slater, pers. comm.). For the sub-

clade disparity (MDI), a perfect fit is 0 difference between modeled

and observed partitioning, and the figure shows the log density

of the posterior distribution at 0 for each tree. For the OLS and

robust-regression analyses, the figure shows the log density of

the posterior distribution at the observed slope for each tree. Only

the subclade disparity partitioning metric shows evidence for the

early burst during the first phases of avian evolution observed in

the fossil record.

The range of morphologies seen in the fossil assemblages is

slightly higher than what is expected from the extant-only mod-

els, even when accounting for uncertainty in ancestral state recon-

structions (phenogram of the tree with the highest support for EB,

and thus the highest ancient variance of all 100 Jetz et al. trees,
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Figure 7. The number of elapsed half-lives (age of the tree’s deep-

est node divided by log 2/r, where r is the rate of rate-decay in the

EB model) estimated via maximum likelihood on the extant-only

tree from the classic approach (Max L), the posterior predictive

approach (ppMCMC), and the fossil informed approach (fossil) are

shown. Fewer elapsed half-lives suggest a slower pattern of rate

change through time, with zero elapsed half-lives indistinguish-

able from a BM model.

shown in Fig. 8). Parameters estimated from the extant-only mod-

els fail to predict the variance in morphology observed at 52 or

47 million years ago (Fig. 9). The method of using fossil data as

node priors produces estimates of ancient variance substantially

higher than observed in the fossil record, yet the same parameters

produce estimates of extant variance several orders of magnitude

higher than found in the extant data (mean variance estimate is

20 times higher).

Discussion
The Green River and Messel bird assemblages are composed en-

tirely of crown avians, and preserve a large proportion of the

observed morphological disparity in extant birds generally. The

disparity of the Eocene assemblages is indistinguishable from

the disparity of simulated fossilized modern assemblages and ob-

served recent subfossil deposits (Pleistocene–Holocene) of com-

parable species richness. Further, both the Eocene assemblages

preserve an array of water birds, ranging from long-legged waders

(e.g., Messelornis, Presbyornis, Rhynchaeities) to soaring taxa

(e.g., Limnofregata, Masillastega). When considering only the

taxa with complete skeletons, as done here, the disparity of these

Eocene deposits is comparable to fossilized modern ecosystems,

complete even with nectivorous taxa such as Pumiliornis. Large-

bodied taxa are absent due to incomplete skeletal preservation,

and small-bodied taxa are present at reduced richness, possibly

due to taphonomic factors.
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Figure 8. Phenogram of the evolutionary tree from Jetz et al.

(2012) with the highest support for the EB model showing the

evolution of PCo axis 1 against the time since root. Confidence in-

tervals for the variance represented by semitransparent lines, and

slightly underestimate the variance of small-bodied birds, even for

this phenogram with the highest ancient variance of all 100. Solid

symbols represent observed fossil specimens, and the dashed lines

represent the time period for which Harmon et al. (2010) found

strong support for the EB model.

The difference between the Eocene and modern assemblages

is mostly due to the lower diversity of small-bodied terrestrial

forms in the Eocene, which are represented by only a handful

of taxa (Primobucco, zygodactylids, and stem coliids). Unfortu-

nately, a large proportion of specimens from both Lagerstatten are

held in private collections, making a comprehensive assessment

of abundance impossible, but it is still clear from the specimens

housed in public institutions that the zygodactylids, stem coli-

ids (mousebirds), and Primobucco are extremely abundant de-

spite their small size. The low richness but high abundance of

these small forms is consistent with taphonomic expectations, as

the only small-bodied birds that are likely to be preserved are those

with ecological traits that mitigate the bias against their preserva-

tion (e.g., passerines that nest near water, like many blackbirds,

are preserved in high abundance in the fossil record; Mitchell

2015).

Excluding Passeriformes from the extant tree produced much

higher support for the OU model of morphological evolution.

This suggests that birds reached the bounds of their total mor-

phospace quickly, and have been exploring it at a more-or-less

consistent rate ever since. This model fitting nonpasserine birds

is actually consistent with the verbal description of an EB, as it

suggests morphospace was saturated quickly, but not necessarily

in the style of a classic adaptive radiation, as there is no evidence

for a slowdown in rates. However, the discreteness of different
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Figure 9. Variance along the first morphological PCo axis for 100 simulations using the parameters from the posterior predictive and

maximum-likelihood approach for the Green River (A, left) and Messel (B, right). Horizontal lines represent the disparity observed in each

Lagerstatten. For all simulations, there was one tree of the 100 that produced extremely high estimates of variance, and that is the tree

figured as a phenogram in Figure 7.

avian clades (evidenced by the MDI) is inconsistent with the OU

model. As, if birds were exploring morphospace freely through

time, there would be no pronounced differences between ancient

clades (e.g., ratites and anseriforms would be unlikely to be as

morphologically differentiated as they are). This raises an impor-

tant point about the application of comparative models, as most

models were built with an inherent mechanistic basis (e.g., OU as

adaptation and selection, EB as adaptive radiation); however these

models only quantify patterns that could have been produced by

multiple mechanisms. For instance, OU will fit better than most

other models with recently diverged lineages are very divergent

relative to the total variance of the clade. This could happen due to

stabilizing selection, as proposed, but also due to divergent selec-

tion between close relatives resulting from ecological character

displacement or due to functional or developmental constraints

that limit the total variance achievable by that clade, for example.

The variance and range in morphology observed in the fossil

assemblages from the “halfway point” of avian evolution is �70%

of the modern, which is substantially higher than models based

solely on extant taxa would predict for �50Ma. This observation,

of crown Aves having achieved such ecological disparity by the

Eocene, stands in stark contrast to expectations from modern data

alone. None of the models based on extant taxa only consistently

predicted this high level of early disparity, and the fossil-informed

method was unable to predict both the high level of ancient dis-

parity and the relatively low modern disparity simultaneously.

All of these models are known as extreme simplifications, but

they are commonly used to at least predict the broad contours of

morphological evolution.

The “classic” approach of fitting rates of phenotypic evo-

lution directly to the VCV matrix had low support for the EB

model, and estimated parameters of rate change so low that al-

most no half-lives went by. Using fossils as node priors supports

a rate change, but it results in estimated rates of phenotypic evo-

lution too high to predict the low level of disparity observed

in the modern world. The high variance in the Eocene deposits

contrasts sharply with the low support for higher rates of mor-

phological evolution found using common comparative methods.

These results above support simulations that suggest that most

comparative methods have low power to detect deep time EB pat-

terns (Boettiger et al. 2012). However, the MDI (Harmon et al.

2003) was one metric capable of inferring high, early rates of

morphological evolution from extant taxa only. For evolution-

ary biologists interested in exploring dynamics in clades without

well-resolved fossil records, the partitioning of disparity among

subclades seems the most robust in terms of these simple models,

even if the estimated parameters cannot recapitulate the patterns

of the fossil data.

A major reason the parameter estimates for the EB model fit

to large clades are likely to be inaccurate is due to extremely rapid

recent radiations, as small subclades undergo dramatic radiations

(e.g., Darwin’s finches). Rapid divergences among closely related

species are highly unlikely at high levels of rate decay, despite

the expectation that iterative radiations should occur as ecological

conditions change, as when subclades invade new biogeographic

provinces, to produce a series of multiple radiations (see Hop-

kins and Smith 2015, for an example of hierarchical radiations).

More complex future models that are informed by ecology may

circumvent this, by, for instance, resetting the rates of decay each

time a clade invades a new biogeographic province or niche space.

Modern comparative methods are based on the insights of Felsen-

stein (1985), in which species are not evolutionarily independent

until they diverge. The observation that lineages are perfectly

nonindependent before divergence is true and necessary; how-

ever, the assumption that once lineages diverge, their evolution is

completely independent, essentially ignores all ecological princi-

ples, although comparative biologists are working to correct this

(e.g., Ingram et al. 2012).
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Phylogenetic uncertainty can also have a large impact on

estimates of model fit, as even if the topology is correct, if nodes

are dated in a systematically biased way (e.g., if the ages of

younger nodes are more accurate than older nodes), then the

model fitting can be positively misled. By using the more reliable,

genetic-based trees of Jetz et al. (2012) and examining fit over a

suite of trees with differing topologies and node ages, the difficulty

of detecting an early burst does not appear to be an artifact of

uncertainty alone. However, the ages of the nodes along the Jetz

et al. (2012) tree now appear to be systematically too old, based

on recent genomic results (Jarvis et al. 2014).

Both the likelihoods based on the VCV matrix of the phy-

logeny and the posterior predictive check of the regression of

contrast size against time suggest that recent clades have much

higher rates of phenotypic evolution than would be expected if a

strict EB model held through the history of Aves. However, the

disparity is partitioned among subclades in a way that supports

an early burst pattern, as different subclades converge much less

than would be expected if all taxa were evolving independently

(i.e., individual subclades represent a smaller fraction of the to-

tal disparity than expected under BM). As all of our models of

phenotypic evolution are highly simplified, it is better to think

about what aspect of evolution each fit metric describes, rather

than try to interpret them as evidence for or against a single spe-

cific evolutionary mechanism. When these different metrics are

combined with the high disparity observed in the fossil record, a

highly heterogeneous picture of avian evolution can be inferred.

Early in their history, birds underwent rapid ecological evo-

lution, and different subclades became distinct and have con-

verged relatively rarely (i.e., less than expected under a BM

or OU model). As birds expanded and invaded new regions,

and species went extinct, younger adaptive radiations have pro-

duced extremely high rates of recent morphological evolution

(i.e., higher than a strong EB model would predict). These subse-

quent radiations show high enough rates of evolution to reject a

model in which rates decline monotonically through time; how-

ever the early radiation was profound enough to both generate

high ancient disparity (as seen in the fossil deposits), and to leave

a signal in how subclades partition the overall disparity (as seen

in the MDI).

The fossil record was long the only way to reconstruct ancient

patterns of morphological evolution. With the advent of modern

comparative methods (Felsenstein 1985), evolutionary biologists

began attempting to infer deep time dynamics from extant records

only. Simulations and empirical results have shown that compar-

ative methods have both low power (Boettiger et al. 2012) and an

inability to predict nonmonotonic changes in disparity. As more

complex ecological models come to the forefront, we may be

better able to capture the more realistic, nonmonotonic dynamics

of morphological evolution (Slater 2013). Considering how much

of life’s modern diversity is sequestered in clades without good

fossil records, this seems to shine a pessimistic light on our collec-

tive endeavor to understand the history of life. However, by using

clades with fossil data to find and fit reliable methods for inferring

morphological evolution (e.g., subclade disparity through time),

paleontologists and comparative biologists can work together to

bring our data to as close to representative as possible.
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