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Eutherians experienced elevated
evolutionary rates in the immediate
aftermath of the Cretaceous – Palaeogene
mass extinction
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The effect of the Cretaceous–Palaeogene (K–Pg) mass extinction on the

evolution of many groups, including placental mammals, has been hotly

debated. The fossil record suggests a sudden adaptive radiation of placentals

immediately after the event, but several recent quantitative analyses have

reconstructed no significant increase in either clade origination rates or rates

of character evolution in the Palaeocene. Here we use stochastic methods to

date a recent phylogenetic analysis of Cretaceous and Palaeocene mammals

and show that Placentalia likely originated in the Late Cretaceous, but that

most intraordinal diversification occurred during the earliest Palaeocene.

This analysis reconstructs fewer than 10 placental mammal lineages crossing

the K–Pg boundary. Moreover, we show that rates of morphological evolution

in the 5 Myr interval immediately after the K–Pg mass extinction are three

times higher than background rates during the Cretaceous. These results

suggest that the K–Pg mass extinction had a marked impact on placental

mammal diversification, supporting the view that an evolutionary radiation

occurred as placental lineages invaded new ecological niches during the

Early Palaeocene.

provided by UCL 
1. Background
The K–Pg mass extinction occurred 66 Ma and was the second largest extinc-

tion event in the history of life, exterminating 75% of terrestrial species [1].

It marks a perceived shift from non-avian dinosaur-dominated terrestrial ver-

tebrate faunas [2] to ‘mammal-dominated’ faunas (despite a greater modern

richness of birds) [3,4], and is therefore often considered the start of the so-

called ‘Age of Mammals’ [5]. As there are no known unambiguous Mesozoic

placental mammal fossils [6,7], but many Palaeocene placentals, the K–Pg

boundary has been considered a turning point in mammal evolution, with an

adaptive radiation that ultimately resulted in the present-day placental

mammal diversity [8].

Most recent analyses dating the origin of Placentalia have used molecular clock

or clock-like methods, and often recovered divergence estimates in the ‘mid’ or

Early Cretaceous for both Placentalia and several of its subclades [9–12]. The

earliest fossil placental mammals should therefore be Cretaceous, but none is

known, despite the existence of many Cretaceous eutherians. Indeed, a recent phy-

logenetic analysis comprising Palaeocene and Cretaceous placentals demonstrated

that in every topology where extant ordinal relationships were constrained,

no Cretaceous eutherian was resolved within crown-group Placentalia [13].

If these relationships of Cretaceous eutherians to the crown group are accurate,

either the placental fossil record is substantially incomplete, or the reconstructed

divergence estimates are inaccurate. Recently, a phylogenomic analysis [14] has
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reconstructed the youngest molecular estimates to date, and in

general, reconstructed ages for the origin of Placentalia are

decreasing with each published study [15]. These reconstruc-

tions are, however, still older than the earliest crown-group

fossils, and contradict the conclusions of several fossil-based

analyses, which have supported an origin of placentals close

to the K–Pg boundary [7,16].

Molecular divergence estimates are necessarily informed by

well-resolved fossil taxa. Owing to an historic lack of resolution

in the higher level phylogeny of placental mammals, calibration

points tend to be deeply nested within Placentalia. Even in the

recent phylogenomic analysis by dos Reis et al. [14], calibration

points were concentrated within Euarchontoglires, with 14 of

27 fossil calibration points within that superorder. Moreover,

fossil occurrences provide only minimum age estimates for

clades containing that taxon; the clade is unlikely to be exactly

as old as the oldest fossil member of the clade. Indeed, the con-

clusion of O’Leary et al. [16] that Placentalia originated 64.85 Ma

has been criticized as relying on ‘unjustified’ methods for dating

internal nodes of the phylogeny [17]. A further consideration

when assessing the timescale of placental evolution is the

impact of evolutionary rate [18].

Despite the popular conception that the K–Pg mass

extinction resulted in an explosive radiation, the evidence

for changing evolutionary parameters at the K–Pg boundary

is mixed. Several studies of mammals have found no differ-

ence between the latest Cretaceous and the earliest

Palaeocene in either lineage accumulation rate [9,19] or

body size evolution [20], a result consistent with molecular

analyses of birds and acanthomorph teleosts [21,22]. Others

have identified shifts in rate and mode of body size evolution

[23] as well as mean body size [24] at the K–Pg boundary.

A study of a single, well-sampled locality demonstrated

that rate of per-lineage extinction increased in the latest

Cretaceous, before an increase in per-lineage origination

rates in the Palaeocene [25]. With the exception of this last

example, few studies have included Palaeocene taxa as a

large proportion of the data, despite these taxa being those

that contributed overwhelmingly to the putative adap-

tive radiation. Moreover, analyses of evolutionary rates

typically consider only single characters, risking exclusion

of potentially important morphological change, whereas an

extensive literature has demonstrated that multivariate

approaches better capture the complexities of morphological

evolution (e.g. [26–28]).

Here, we present a fossil-based analysis of the effect of the

K–Pg mass extinction on placental evolution. We use the most

recent stochastic techniques [29] to date phylogenetic trees [13]

generated from a dataset of mostly Cretaceous and Palaeogene

eutherians (electronic supplementary material, file S7), and

reconstruct evolutionary rates in cladistic characters to assess

change across a broad suite of morphological traits. Combined,

these analyses answer two major questions in placental

mammal evolution: when did Placentalia originate, and

did the K–Pg mass extinction result in an Early Palaeogene

adaptive radiation of placental mammals?
2. Material and methods
All analyses used R [30] code (electronic supplementary material,

file S8), and stage-level time bins and taxon ranges for dating the

phylogeny (electronic supplementary material, tables S1 and S2).
(a) Tree selection
A recent phylogeny ([13], electronic supplementary material, file

S2) is the largest to date to focus on Palaeogene and Cretaceous

eutherians. There are many advantages of using trees from such

a study for analysis of macroevolutionary patterns. Most impor-

tantly, the taxa sampled are proximal in time to the extinction

event, meaning that rates of change are measured semi-directly,

rather than inferred over tens of millions of years of subsequent

evolution, as in the case of a tree containing only extant taxa. In

taxa separated by tens of millions of years of evolution, conver-

gent evolution driven by selection for similar characters adapted

to a particular niche is more likely to be a problem than in taxa

less separated in time from their ancestors. By sampling early

members of clades, which are by definition closer to the last

common ancestor they share with their sister taxon, informative

characters that result from a shared evolutionary heritage are

less likely to have been lost. Further, by including members of

extinct clades, any effect of the extinction event can be measured

across Eutheria, that is, avoiding the omission of those groups

(such as Leptictida) that survived for several more epochs

before going extinct. Using primarily extant taxa in reconstructing

the past results in a somewhat tautological conclusion—there was

no increase in extinction rates in lineages which did not go

extinct—and risks biasing interpretation of ancient events by only

considering taxa whose descendants happen to exist in the arbitra-

rily distant future that we call the present. Lastly, the trees each

derive from a single analysis of 177 diverse genera, evenly sampling

approximately two-thirds of Cretaceous and Palaeocene eutherian

families, thereby avoiding loss of phylogenetic signal and lack

of resolution.

Here, we analyse an initial sample of 564 most parsimonious

trees (MPTs) derived from six phylogenetic analyses under vary-

ing data treatments and levels of constraint to well-supported

relationships among extant orders ([13], see also the electronic

supplementary material, file S2). The molecular-morphological

scaffolds used in that analysis allowed the testing of various

hypotheses of relationships of Palaeocene taxa to both extant

orders and Cretaceous groups, such as competing hypotheses

for the position of the enigmatic taxon Purgatorius. The topolo-

gies that resulted from those analyses differed in the patterns

of relationships of some families, although some patterns were

unambiguous, such as the absence of Cretaceous eutherians

that were part of crown-group Placentalia [13]. We here use all

generated trees from those analyses with different constraint

levels to determine whether the results are robust to variation

in topologies generated from these analyses. Further, as many

tree lengths are to one or more decimal places, suboptimal topol-

ogies within a full step of the MPTs were also used to test over an

even wider variety of plausible evolutionary relationships.
(b) Dating the phylogenies
We dated the trees using a stochastic method, ‘cal3’ [29] which

requires calculation of three rates: sampling (the per-time prob-

ability of sampling a taxon), diversification (the rate of origin of

taxa) and extinction, (the rate at which taxa disappear from the

fossil record). This approach is significantly better than alternative

methods typically used in divergence date estimation and

time-calibrating phylogenies for morphological and fossil-based

datasets [31]. Cretaceous stages and Cenozoic North American

Land Mammal Ages (NALMAs) were used as time bins. This

difference reflects the geographical bias of Palaeogene mammals

in favour of North America. By using NALMAs, uncertainty in

first and last appearance dates of individual genera can be

addressed while minimizing error introduced by taxa known

from stratigraphic bounds that do not wholly overlap with the

defined bins. We assigned first and last appearance bins to each

taxon, and analysed the strict consensus of each set of trees.

http://rspb.royalsocietypublishing.org/
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When dating the trees, polytomies were resolved randomly.

Testing several topologies derived from multiple analyses

permitted a test of sensitivity of the results to any points of uncer-

tainty in the placental phylogeny. In the suboptimal sets of trees,

high-level polytomies resulted in topologies absent from the orig-

inal sets of trees, while in optimal topologies, polytomies were

generally smaller and closer to the tips; randomization would in

that case be expected to have little impact on any reconstructed

macroevolutionary pattern.

The taxonomic sample fairly represents the eutherian fossil

record of the Cretaceous and Palaeocene, but the larger

number of Palaeocene taxa may result in overestimating the

sampling intensity of the Cretaceous fossil record. In order to

test the effect of sampling rate, calculations were rerun with an

assumed sampling rate of 0.5% per million years ago. This is

highly conservative; estimates of the completeness of the earliest

Cenozoic mammalian fossil record have been about 40% for an

interval length of one lineage million years (LMY) [32].

Speciation and extinction rates were assumed to be equal,

though this is not necessarily the case in reality [33]. Extinction

rates cannot be estimated with any certainty from ultrametric phy-

logenies [34], but rather than the inclusion of additional arbitrary

constants in an analysis derived from a non-ultrametric tree,

the null model must be that net speciation is zero. Moreover,

speciation and extinction rates track one another across palaeonto-

logical timescales [35], and as a result, this assumption is justifiable.

Adaptive radiations follow periods of elevated extinction [36], and

the K–Pg boundary is associated with local increases in both

speciation and extinction rates in placental mammals [25].

(c) Calculating evolutionary rates
Most analyses of how rates of evolution change across phylogeny

focus on a single character—typically continuous in nature, such

as body size [27,37]. However, a single parameter may not be a

good proxy for overall morphological change through time. If

the K–Pg extinction event did not affect one character trait,

that does not preclude radical changes in other traits. Body size

is correlated with several life-history and ecological variables

[38–41], but might not correlate with other morphological tran-

sitions. When attempting to understand the overall evolution

of a group, it is perhaps more useful to assess rate of change of

a broad suite of characters, continuous or discrete. This is

especially true in adaptive radiations, where selection pressures

act in many new directions. We therefore assess rates of evolution

across the discrete characters used to generate the trees.

In discrete characters, there are typically only two states.

A change either occurs, or does not, with no possible inter-

mediate, making rate calculations problematic. While it may be

possible to quantify the shape of a feature or measure, for

example, the position of a foramen through time, the required

sample sizes to overcome both gaps in the fossil record and intra-

specific variation make this impractical. Moreover, those gaps may

result in an apparent jump from one state to another, missing the

crucial period of transition and preventing identification of the

variation. Where discrete characters are cladistically ideal—chan-

ging only at a single node, representing an unambiguous

synapomorphy of a subset of the tree—measuring rate of change

of that character is impossible. Most characters exhibit some homo-

plasy, but as there can be only one change per branch per character

under maximum parsimony, assessing rates in individual discrete

characters is impractical. However, using numerous discrete char-

acters allows simultaneous optimization of multiple transitions

across the tree. Each character has a distribution of state changes;

if these changes are summed for each branch, rate of evolution

on any given branch can be estimated, defined as the number

of state changes per LMY. Dated phylogenies allow time-

binning of branches and measuring of rates of change through

geological time.
We calculated rates of discrete character evolution in three

ways, implementing methods described in Lloyd et al. [28] and

formalized in the R package Claddis [42]. Rate of evolution

was defined as the number of discrete character transitions per

LMY. Character ordering and weights were preserved from the

original cladistic analysis. The character optimization method

has little effect on the degree of homoplasy in the tree [43], but

ACCTRAN and DELTRAN place characters at extremes, dispro-

portionately increasing rates of evolution in the stem or crown,

respectively. To avoid this, we only use unambiguous character

transitions. For each set of dated phylogenies—six sets of MPTs

and six suboptimal sets within a step, totalling 12 sets—a

sample of 50 trees was used to calculate evolutionary rates,

giving a total sample of 600 dated phylogenies.

Rates of individual branches were compared with a null model

of equal rate of evolution across the tree, identifying branches with

significantly high or low rates of evolution. The summed duration

of all branches on the tree was calculated and considered to represent

a continuum between zero and one; each branch was assigned some

percentage of that continuum in proportion to temporal duration.

Randomly determined values between zero and one were drawn,

with the same number of repetitions as optimized character tran-

sitions. Each randomly drawn number represents an expected

state change. In the null model, the number of character transitions

on a branch is proportional to the duration of that branch.

This procedure was repeated 1000 times. If a branch had

more observed character state transitions than predicted under

the null model in at least 95% of repetitions, then that branch

was considered to have significantly high rates. We identified

branches with significantly high rates, and nodes subtending

clades that differed significantly in rate, at which an intrinsic

shift in background evolutionary rate can be inferred.

Finally, rates of evolution were compared among the pre-

viously mentioned time bins. Median rates of branches passing

through each time bin were calculated. Owing to some short

branch lengths calculated by the dating analysis, medians were pre-

ferred to means, which are sensitive to outliers. Median absolute

deviation was calculated as a measure of error.
3. Results
(a) Dating the origin of Placentalia
The distribution of divergence estimates for Placentalia

consisted of mostly Late Cretaceous dates (electronic sup-

plementary material, figure S1; table 1), with 95% of values

falling between 65.52 and 69.53 Ma, and 69.37% of divergence

dates older than 66 Ma. A Cretaceous origin of Placentalia

is contrary to the conclusions of O’Leary et al. [16], and in agree-

ment with most recent molecular estimates [14,17,19]. However,

over 30% of reconstructed divergences are Palaeocene in age,

while the Cretaceous estimates are still younger than those of

previous molecular analyses [9,10,14] by 20–40 Ma. We con-

clude on the basis of these results that the best supported

dates for the origin of Placentalia are Late Cretaceous.

The divergence estimates for Boreoeutheria (Laurasiatheria

plus Euarchontoglires) and Laurasiatheria were also extremely

close to the End-Cretaceous mass extinction, with half of diver-

gence estimates for Boreoeutheria falling either side of the

Cretaceous–Palaeogene boundary (electronic supplementary

material, figure S1; table 1). The distribution of Euarchontoglires

divergences was primarily (86.47%) in the Palaeocene, and all

other placental divergences were unambiguously reconstructed

as Cenozoic. Results were independent of tree topology or

sampling rate, although some suboptimal trees included large

polytomies, resulting in a very wide distribution of divergence

http://rspb.royalsocietypublishing.org/


Table 1. Dates and significances of clade origination. Divergence dates and 95% confidence intervals for major clades within and including Placentalia, each
reconstructed from 6000 dated phylogenies representing six different constraint topologies. Suboptimal topologies are reconstructed as older due to the random
resolution of polytomies which exist across Eutheria. Atlantogenata, Afrotheria and Xenarthra were reconstructed as originating in the Palaeogene at an alpha
level of 0.05. The majority of divergences for Placentalia were reconstructed as Cretaceous. All values in millions of years before present.

optimal
median

optimal confidence
intervals

suboptimal
median

suboptimal
confidence intervals

% optimal divergences
in Cretaceous

Afrotheria 59.69 58.06 – 62.41 60.16 41.79 – 108.20 0

Xenarthra 60.46 58.82 – 65.35 61.68 58.97 – 108.84 1.1

Atlantogenata 60.46 58.82 – 65.35 61.71 58.89 – 108.84 1.1

Laurasiatheria 65.92 65.48 – 66.97 67.18 65.53 – 109.00 35.03

Euarchontoglires 65.45 64.01 – 66.67 65.74 65.01 – 104.82 13.53

Boreoeutheria 66.00 65.55 – 67.90 68.23 65.68 – 109.81 50.07

Placentalia 66.27 65.63 – 69.52 75.41 65.74 – 112.02 69.37
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Figure 1. Randomly selected exemplar time-scaled phylogeny with branches coloured according to whether they have significantly lower (blue) or higher (red)
evolutionary rates than would be expected given an equal rate model. The grey box indicates Placentalia, with the four placental superorders identified, while nodes
and branches outwith the grey box are non-placental eutherians.

rspb.royalsocietypublishing.org
Proc.R.Soc.B

283:20153026

4

 on September 26, 2016http://rspb.royalsocietypublishing.org/Downloaded from 
date estimates (table 1). Although the crown-group Placentalia

most likely originated in the Cretaceous, most of the inter-

nal divergences at the ordinal level and below were Early

Palaeocene in age.

(i) Rates of evolutionary change
A uniform rate of evolution across the tree was consistently

rejected; in all 600 sampled trees, more state changes occurred
on the branch leading to Placentalia than would be expected

by chance. With the exception of the origin of Zalambdalesti-

dae in the Early Cretaceous, all branches with increased rates

were associated either with Placentalia or on proximal

branches leading to Placentalia (figure 1).

Placentalia was found to have a significantly higher

intrinsic rate of evolution than the rest of the tree, as were sev-

eral proximal clades encompassing Placentalia, including all

http://rspb.royalsocietypublishing.org/
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significantly lower (blue) or higher (red) evolutionary rates than the remainder of the tree. The grey box indicates Placentalia, with the four placental superorders
identified, while nodes and branches outwith the grey box are non-placental eutherians.
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nodes from Placentalia to the last common ancestor of the

most basal cimolestids and Placentalia (figure 2). Within the

crown, Atlantogenata and Euarchontoglires were notable

exceptions with reduced evolutionary rates, implying that

the increase in evolutionary rates in the Early Palaeogene is

driven by the Laurasiatherian radiation. Early Palaeogene—

particularly Palaeocene—time bins had significantly higher

rates than Cretaceous bins (figure 3). Rates in the Cretaceous

and after the Eocene were significantly lower than expected

under an equal rate model.
4. Discussion
Although the diversification of Placentalia likely began in the

latest Cretaceous, the majority of intraordinal diversification

of placental mammals was in the Palaeogene. The origin of

Placentalia is here reconstructed at least 15 Myr younger

than the youngest estimate from molecular data [14], but

older than recent fossil-based estimates [16].

The enigmatic genus Protungulatum has been considered

important in dating the placental origin, although it is unclear

whether it represents a placental [16] or a more basal eutherian

[44]. Where it is supported as a placental, a Cretaceous origin

for Placentalia is assured, as Protungulatum is known from the

Maastrichtian. Here, however, all topologies place Protungula-
tum on the placental stem; no Mesozoic mammal is recovered

as a crown placental in any supported tree consistent with the

four clade model of placental interrelationships [13]. The date

estimated here for the divergence of Protungulatum and
Placentalia is approximately 75 Ma–9 Myr before the K–Pg

boundary, and 6 Myr before the maximum estimated date of

the origin of placental mammals. The lack of unambiguous

Cretaceous placentals leaves a maximum gap of approximately

3 Myr between the origin of Placentalia and the first unconten-

tious placental fossils in the earliest Palaeogene [45], much

smaller than those implied by molecular-derived dates. The

age of Placentalia as reconstructed by Bayesian and clock-like

methods is sensitive to evolutionary rate, with a predicted

10–20 fold increase in morphological evolutionary rate [18]

required to reconcile the fossil record with typical molecular-

derived dates. In the estimated 9 Myr between the divergence

of Placentalia from Protungulatum and the K–Pg boundary,

per-lineage rates of origination remained constant. In the ear-

liest Palaeocene, species origination rates increased (electronic

supplementary material, figure S2) following a high per-lineage

extinction rate, consistent with local-scale patterns [25].

Alongside this increase in per-lineage speciation rate is

an increase in the rate of morphological evolution. While Maas-

trichtian rates of evolution are higher than earlier Cretaceous

bins, the maximum observed rates of discrete character evol-

ution occurred in the earliest Palaeocene. This pattern is

consistent with a recent phylogenomic network analysis on

the early radiation of birds [46], which found that most internal

diversification of crown Aves occurred rapidly at the beginning

of the Palaeocene, and supports a Palaeocene radiation of pla-

cental mammals. That we find the origin of Placentalia to likely

have been during the Late Cretaceous, this does not preclude

the effect of the end-Cretaceous mass extinction on placen-

tal mammal evolution from being significant. Despite some

http://rspb.royalsocietypublishing.org/
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divergences, having already taken place, the majority of

diversification within Placentalia did not occur until after the

mass extinction event. Moreover, what is now crown-group

Placentalia was not the only clade to have undergone some

diversification in the aftermath of the K–Pg boundary, as sev-

eral closely related clades to the crown group—Leptictida and

Cimolestidae in particular—also survived well into the Ceno-

zoic. Our results strongly suggest that diversification had

begun in the Late Cretaceous, but greatly accelerated in the

Early Palaeocene, leading rapidly to increased taxonomic

richness of eutherians in the beginning of the Cenozoic.

The eutherian mammals of the earliest Cenozoic also

occupied a greater range of morphologies than Cretaceous

eutherians [47]. Combined with the evidence from the current

study that rates of speciation and character evolution increased

after the end-Cretaceous mass extinction, this observation

suggests that the placental mammal diversification was associ-

ated with rapid divergent evolution into a number of distinct
morphologies. The novel morphologies observed in the earliest

Cenozoic represent dental adaptations to new diets and increases

in body size variation [48]. From a combination of high speciation

rates, high rates of divergent morphological evolution, increases

in disparity, and novel ecological modes of life, it is reasonable to

characterize the placental diversification as an adaptive radiation.

Poor sampling of fossil data can affect reconstructions of

divergence dates, and it is expected that a lower sampling

intensity would result in greater uncertainty in dating the

origin of Placentalia. When a conservatively low sampling

rate of 0.5% per million year was applied, node divergence

estimates were older, but not significantly different from esti-

mations assuming higher sampling rates of 84%. Even with

an estimated sampling rate twice that which has been calcu-

lated [32], the early diverging branches of Placentalia are

pushed back into the Cretaceous. That the results are relatively

similar across different sampling regimes suggests that

sampling is adequate for accurately reconstructing early

http://rspb.royalsocietypublishing.org/
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placental divergences. Indeed, sampling intensity had very

little impact on reconstructed divergence dates for higher

clades, implying that speciation and extinction rates are more

important for estimating divergence times.

Thus, the inclusion here of Cretaceous and Palaeocene

mammals, from which more accurate diversification

rates could be determined, supports a later origination

of Placentalia. Sampling of Cretaceous and Palaeocene

eutherian mammals is relatively high in this analysis; 67%

of Cretaceous and 62% of Palaeocene families for which fos-

sils are known are represented, more than any analysis to

date. Insofar as the fossil record is a reliable indicator of

diversity, the rapid Palaeogene diversification represents a

real event in placental evolution, supporting previous

suggestions of high early rates in body size evolution [49].

Most of the Cretaceous displayed significantly lower rates

than expected, probably because of an elevated estimation of

background rate due to the extreme deviation observed in the

Palaeocene. Evolutionary rates decline through the Eocene,

and post-Eocene rates are significantly lower than those of the

Palaeocene, but this may be due to reduction in taxonomic

sampling: the post-Eocene sample is restricted to extant

orders represented by only a few taxa, masking later radiations.

By contrast, Cretaceous mammals are not undersampled; fewer

taxa here are an accurate reflection of the lower taxic richness of

Mesozoic eutherians [50]. These results are found across all

topologies tested, indicating that both a Cretaceous origin of

Placentalia and early high rates are well supported regardless

of interordinal relationships.

To explain the missing Mesozoic placentals, the initial

Late Cretaceous diversification might have occurred in some

as yet unsampled ecosystem or region of the world [51]. This

hypothesis is difficult to assess without analysing the comple-

teness of the eutherian fossil record, or extensive sampling of

other regions where basal placental (or derived non-placental

eutherian) mammals might have diversified, such as the com-

paratively undersampled Gondwanan continents. India has to

date yielded eutherians, but no placentals [6], while the earliest

African placental is the basal afrothere Ocepeia from the Middle

Palaeocene [52]. Cretaceous Madagascan mammals include

gondwanatheres and multituberculates [53–55], but no euther-

ians. Only dryolestoids and gondwanatheres are known from

the Late Cretaceous of South America [56,57], and the oldest
placental mammals in Australia and Antarctica are Eocene

[58,59]. It has been suggested that the abrupt faunal turnover

at the K–Pg boundary is better explained by most new species

being immigrants rather than representing new taxa [25], as

there are no clear ancestors of taxa such as periptychid ‘condy-

larths’ in the preceding strata. Given the remarkable continuity

of the San Juan Basin over this period [60], either morphologi-

cal evolution was too rapid to be captured on geological

timescales, or a significant bias exists in preservation or collec-

tion of Cretaceous mammals. However, sampling of the

Cretaceous record would have to be orders of magnitude

worse than the Palaeogene for there to be no recovered

Mesozoic placental mammals [8].

Including Palaeocene taxa in analyses of the K–Pg mass

extinction is needed to accurately reconstruct the evolutionary

patterns of that interval and the processes that shaped the Early

Cenozoic biota. The results of this analysis demonstrate the

indispensable utility of fossils in reconstructing past events.

The evidence from morphology and phylogeny suggests that

the origin of Placentalia did not uniquely drive increased evol-

utionary rates for this clade—internal ordinal and superordinal

radiations show much higher rates. In addition, these results

demonstrate that the K–Pg mass extinction immediately pre-

ceded a dramatic increase in evolutionary rate in eutherian

mammals, consistent with the hypothesis that this event was

a significant driver of an Early Palaeogene adaptive radiation

of placentals.

Data accessibility. Data and R code from this study have been deposited
in the Dryad data repository at the following location: http://dx.doi.
org/10.5061/dryad.0nr5s.

Authors’ contributions. T.J.D.H. gathered all the data, designed and con-
ducted all analyses and drafted the manuscript; P.U. contributed to
the methodological design and the drafting of the manuscript; A.G.
conceived the study, designed analyses, and contributed to the drafting
of the manuscript. All authors gave approval for publication.

Competing interests. The authors declare no competing interests,
financial or otherwise.

Funding. T.J.D.H. was funded by NERC Award NE/J500136/1 and
Leverhulme Trust RPG-2014-364 to A.G. and T.J.D.H.

Acknowledgements. We thank David Bapst, Graeme Lloyd and Mark Bell
for assistance with R. We also thank the members of the ADaPTiVE
discussion group and Chris Venditti for their comments, and three
anonymous reviewers for their comments on various versions of
the manuscript.
References
1. Jablonski D, Chaloner WG. 1994 Extinctions in
the fossil record. Phil. Trans. R. Soc. Lond. B 344,
11 – 16. (doi:10.1098/rstb.1994.0045)

2. Brusatte SL et al. 2014 The extinction of the
dinosaurs. Biol. Rev. 90, 628 – 642. (doi:10.1111/
brv.12128)

3. Wilson DE, Reeder DM. 2005 Mammal species of the
world. A taxonomic and geographic reference, 3rd edn,
2142. Baltimore, MD: John Hopkins University Press.

4. Gaston KJ, Blackburn TM. 1997 Age, area and avian
diversification. Biol. J. Linnean Soci. 62, 239 – 253.
(doi:10.1111/j.1095-8312.1997.tb01625.x)

5. Rose KD. 2006 The beginning of the age of
mammals, p. 428. Baltimore, MD: The John Hopkins
University Press.
6. Goswami A, Prasad GVR, Upchurch P, Boyer DM, Seiffert
ER, Verma O, Gheerbrant E, Flynn JJ. 2011 A radiation of
arboreal basal Eutherian mammals beginning in the
Late Cretaceous of India. Proc. Natl Acad. Sci. USA 108,
16 333 – 16 338. (doi:10.1073/pnas.1108723108)

7. Wible JR, Rougier GW, Novacek MJ, Asher RJ. 2009
The eutherian mammal Maelestes gobiensis from
the Late Cretaceous of Mongolia and the phylogeny
of Cretaceous Eutheria. Bull. Am. Museum Nat. Hist.
327, 1 – 123. (doi:10.1206/623.1)

8. Foote M, Hunter JP, Janis CM, Sepkoski JJ. 1999
Evolutionary and preservational constraints on
origins of biologic groups: divergence times of
eutherian mammals. Science 283, 1310 – 1314.
(doi:10.1126/science.283.5406.1310)
9. Bininda-Emonds ORP et al. 2007 The delayed rise of
present-day mammals. Nature 446, 507 – 512.
(doi:10.1038/nature05634)

10. Springer MS, Murphy WJ, Eizirik E, O’Brien SJ. 2003
Placental mammal diversification and the
Cretaceous – Tertiary boundary. Proc. Natl Acad.
Sci. USA 100, 1056 – 1061. (doi:10.1073/pnas.
0334222100)

11. Kumar S, Hedges SB. 1998 A molecular timescale
for vertebrate evolution. Nature 392, 917 – 920.
(doi:10.1038/31927)

12. Eizirik E, Murphy WJ, O’Brien SJ. 2001 Molecular
dating and biogeography of the early placental
mammal radiation. J. Hered. 92, 212 – 219. (doi:10.
1093/jhered/92.2.212)

http://dx.doi.org/10.5061/dryad.0nr5s
http://dx.doi.org/10.5061/dryad.0nr5s
http://dx.doi.org/10.5061/dryad.0nr5s
http://dx.doi.org/10.1098/rstb.1994.0045
http://dx.doi.org/10.1111/brv.12128
http://dx.doi.org/10.1111/brv.12128
http://dx.doi.org/10.1111/j.1095-8312.1997.tb01625.x
http://dx.doi.org/10.1073/pnas.1108723108
http://dx.doi.org/10.1206/623.1
http://dx.doi.org/10.1126/science.283.5406.1310
http://dx.doi.org/10.1038/nature05634
http://dx.doi.org/10.1073/pnas.0334222100
http://dx.doi.org/10.1073/pnas.0334222100
http://dx.doi.org/10.1038/31927
http://dx.doi.org/10.1093/jhered/92.2.212
http://dx.doi.org/10.1093/jhered/92.2.212
http://rspb.royalsocietypublishing.org/


rspb.royalsocietypublishing.org
Proc.R.Soc.B

283:20153026

8

 on September 26, 2016http://rspb.royalsocietypublishing.org/Downloaded from 
13. Halliday TJD, Upchurch P, Goswami A. 2015
Resolving the relationships of Paleocene
placental mammals. Biol. Rev. (doi:10.1111/
brv.12242)

14. dos Reis M, Inoue J, Hasegawa M, Asher RJ, Donoghue
PCJ, Yang Z. 2012 Phylogenomic datasets provide both
precision and accuracy in estimating the timescale of
placental mammal phylogeny. Proc. R. Soc. B 279,
3491 – 3500. (doi:10.1098/rspb.2012.0683)

15. Goswami A. 2012 A dating success story: genomes
and fossils converge on placental mammal origins.
Evodevo 3, 4. (doi:10.1186/2041-9139-3-18)

16. O’Leary MA et al. 2013 The placental mammal
ancestor and the post-K – Pg radiation of
placentals. Science 339, 662 – 667. (doi:10.1126/
science.1229237)

17. dos Reis M, Donoghue PCJ, Yang Z. 2014 Neither
phylogenomic nor palaeontological data support a
Palaeogene origin of placental mammals. Biol. Lett.
10, 20131003. (doi:10.1098/rsbl.2013.1003)

18. Beck RMD, Lee MSY. 2014 Ancient dates or
accelerated rates? Morphological clocks and the
antiquity of placental mammals. Proc. R. Soc. B
281, 20141278. (doi:10.1098/rspb.2014.1278)

19. Meredith RW et al. 2011 Impacts of the Cretaceous
terrestrial revolution and KPg extinction on
mammal diversification. Science 334, 521 – 524.
(doi:10.1126/science.1211028)

20. Venditti C, Meade A, Pagel M. 2011 Multiple routes
to mammalian diversity. Nature 479, 393 – 396.
(doi:10.1038/nature10516)

21. Near TJ et al. 2013 Phylogeny and tempo of
diversification in the superradiation of spiny-rayed
fishes. Proc. Natl Acad. Sci. USA 110, 12 738 – 12
743. (doi:10.1073/pnas.1304661110)

22. Brown JW, Rest JS, Garcia-Moreno J, Sorenson MD,
Mindell DP. 2008 Strong mitochondrial DNA support
for a Cretaceous origin of modern avian lineages.
BMC Biol. 6, 6. (doi:10.1186/1741-7007-6-6)

23. Slater GJ. 2013 Phylogenetic evidence for a shift in
the mode of mammalian body size evolution at the
Cretaceous – Palaeogene boundary. Methods Ecol.
Evol. 4, 734 – 744. (doi:10.1111/2041-210X.12084)

24. Alroy J. 1999 The fossil record of North American
mammals: evidence for a Paleocene evolutionary
radiation. Syst. Biol. 48, 107 – 118. (doi:10.1080/
106351599260472)

25. Wilson GP. 2014 Mammalian extinction, survival,
and recovery dynamics across the Cretaceous –
Palaeogene boundary in north-eastern Montana,
USA. 503, 365 – 392.

26. Butler RJ, Goswami A. 2008 Body size evolution in
Mesozoic birds: little evidence for Cope’s rule.
J. Evol. Biol. 21, 1673 – 1682. (doi:10.1111/j.1420-
9101.2008.01594.x)

27. Cooper N, Purvis A. 2010 Body size evolution in
mammals: complexity in tempo and mode. Am.
Nat. 175, 727 – 738. (doi:10.1086/652466)

28. Lloyd GT, Wang SC, Brusatte SL. 2012 Identifying
heterogeneity in rates of morphological evolution:
discrete character change in the evolution of
lungfish (Sarcopterygii; Dipnoi). Evolution 66,
330 – 348. (doi:10.1111/j.1558-5646.2011.01460.x)
29. Bapst DW. 2013 A stochastic rate-calibrated method for
time-scaling phylogenies of fossil taxa. Methods Ecol.
Evol. 4, 724 – 733. (doi:10.1111/2041-210X.12081)

30. R Development Core Team. 2010 R: A language and
environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing.

31. Bapst DW. 2014 Assessing the effect of time-scaling
methods on phylogeny-based analyses in the fossil
record. Paleobiology 40, 331 – 351. (doi:10.1666/13033)

32. Foote M, Raup DM. 1996 Fossil preservation and
the stratigraphic ranges of taxa. Paleobiology 22,
121 – 140.

33. Ricklefs RE. 2007 Estimating diversification rates
from phylogenetic information. Trends
Ecol. Evol. 22, 601 – 610. (doi:10.1016/j.tree.2007.
06.013)

34. Rabosky DL. 2010 Extinction rates should not be
estimated from molecular phylogenies. Evolution 64,
1816 – 1824. (doi:10.1111/j.1558-5646.2009.00926.x)

35. Stanley SM. 1979 Macroevolution: patterns and
processes. San Francisco, CA: W.H. Freeman &
Company.

36. Wagner PJ, Estabrook GF. 2014 Trait-based
diversification shifts reflect differential extinction
among fossil taxa. Proc. Natl Acad. Sci. USA 111,
16 419 – 16 424. (doi:10.1073/pnas.1406304111)

37. Evans AR et al. 2012 The maximum rate of
mammal evolution. Proc. Natl Acad. Sci. USA 109,
4187 – 4190. (doi:10.1073/pnas.1120774109)

38. Damuth J. 1981 Population-density and body size in
mammals. Nature 290, 699 – 700. (doi:10.1038/
290699a0)

39. Gillooly JF, Charnov EL, West GB, Savage VM, Brown
JH. 2002 Effects of size and temperature on
developmental time. Nature 417, 70 – 73. (doi:10.
1038/417070a)

40. Kleiber M. 1947 Body size and metabolic rate.
Physiol. Rev. 27, 511 – 541.

41. McClain CR, Boyer AG. 2009 Biodiversity and body
size are linked across metazoans. Proc. R. Soc. B
276, 2209 – 2215. (doi:10.1098/rspb.2009.0245)

42. Lloyd GT. 2014 Claddis: an R package for performing
disparity and rate analysis on cladistic-type data
sets. See GitHub, https://github.com/graemetlloyd/
Claddis (accessed 12 November 2014).

43. Agnarsson I, Miller JA. 2008 Is ACCTRAN better than
DELTRAN? Cladistics 24, 1032 – 1038. (doi:10.1111/j.
1096-0031.2008.00229.x)

44. Wible JR, Rougier GW, Novacek MJ, Asher RJ. 2007
Cretaceous eutherians and Laurasian origin for
placental mammals near the K/T boundary. Nature
447, 1003 – 1006. (doi:10.1038/nature05854)

45. Kondrashov PE, Lucas SG. 2006 Early Paleocene
(Puercan and Torrejonian) archaic ungulates
(Condylarthra, Procreodi, and Acreodi) of the San
Juan Basin, New Mexico. Bull. New Mexico Mus. Nat.
Hist. Sci. 34, 84 – 97.

46. Jarvis ED et al. 2014 Whole-genome analyses
resolve early branches in the tree of life of modern
birds. Science 346, 1320 – 1331. (doi:10.1126/
science.1253451)

47. Halliday TJD, Goswami A. 2016 Eutherian
morphological disparity across the end-Cretaceous
mass extinction. Biol. J. Linnean Soc. 118,
152 – 168. (doi:10.1111/bij.12731)

48. Lillegraven JA, Eberle JJ. 1999 Vertebrate faunal
changes through Lancian and Puercan time in
southern Wyoming. J. Paleontol. 73, 691 – 710.

49. Raia P, Carotenuto F, Passaro F, Piras P, Fulgione D,
Werdelin L, Saarinen J, Fortelius M. 2013 Rapid
action in the Palaeogene, the relationship between
phenotypic and taxonomic diversification in
Coenozoic mammals. Proc. R. Soc. B 280, 20122244.
(doi:10.1098/rspb.2012.2244)

50. Newham E, Benson R, Upchurch P, Goswami A.
2014 Mesozoic mammaliaform diversity: the effect
of sampling corrections on reconstructions of
evolutionary dynamics. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 412, 32 – 44. (doi:10.1016/j.palaeo.
2014.07.017)

51. Maas MC, Krause DW. 1994 Mammalian turnover
and community structure in the Paleocene of North
America. Hist. Biol. 8, 91 – 128. (doi:10.1080/
10292389409380473)

52. Gheerbrant E, Amaghzaz M, Bouya B, Goussard F,
Letenneur C. 2014 Ocepeia (Middle Paleocene of
Morocco): the oldest skull of an Afrotherian
mammal. PLoS ONE 9, e89739. (doi:10.1371/
journal.pone.0089739)

53. Krause DW. 2013 Gondwanatheria and
?Multituberculata (Mammalia) from the Late
Cretaceous of Madagascar. Can. J. Earth Sci. 50,
324 – 340. (doi:10.1139/e2012-074)

54. Krause DW, Prasad GVR, von Koenigswald W,
Sahni A, Grine FE. 1997 Cosmopolitanism among
Gondwanan Late Cretaceous mammals. Nature 390,
504 – 507. (doi:10.1038/37343)

55. Krause DW, Rogers RR, Rahantarisoa LJ, Groenke JR,
Andriamialison H. 2014 Introduction, systematic
paleontology, and geological context of Vintana
Sertichi (Mammalia, Gondwanatheria) from
the Late Cretaceous of Madagascar. J. Vertebr.
Paleontol. 34, 4 – 13. (doi:10.1080/02724634.
2014.957292)

56. Rougier GW, Apesteguia S, Gaetano LC. 2011 Highly
specialized mammalian skulls from the Late
Cretaceous of South America. Nature 479, 98 – 102.
(doi:10.1038/nature10591)

57. Pascual R, Goin FJ, Krause DW, Ortiz-Jaureguizar E,
Carlini AA. 1999 The first gnathic remains of
Sudamerica: implications for gondwanathere
relationships. J. Vertebr. Paleontol. 19, 373 – 382.
(doi:10.1080/02724634.1999.10011148)

58. Hand S, Novacek M, Godthelp H, Archer M. 1994 First
Eocene bat from Australia. J. Vertebr. Paleontol. 14,
375 – 381. (doi:10.1080/02724634.1994.10011565)

59. Gelfo JN, Moers T, Lorente M, Lopez GM, Reguero
M. 2015 The oldest mammals from Antarctica,
Eocene of the La Meseta Formation, Seymour
Island. Palaeontology 58, 101 – 110. (doi:10.1111/
pala.12121)

60. Butler RF, Lindsay EH, Jacobs LL, Johnson NM.
1977 Magnetostratigraphy of the Cretaceous –
Tertiary boundary in the San Juan Basin, New
Mexico. Nature 267, 318 – 323. (doi:10.1038/
267318a0)

http://dx.doi.org/10.1111/brv.12242
http://dx.doi.org/10.1111/brv.12242
http://dx.doi.org/10.1098/rspb.2012.0683
http://dx.doi.org/10.1186/2041-9139-3-18
http://dx.doi.org/10.1126/science.1229237
http://dx.doi.org/10.1126/science.1229237
http://dx.doi.org/10.1098/rsbl.2013.1003
http://dx.doi.org/10.1098/rspb.2014.1278
http://dx.doi.org/10.1126/science.1211028
http://dx.doi.org/10.1038/nature10516
http://dx.doi.org/10.1073/pnas.1304661110
http://dx.doi.org/10.1186/1741-7007-6-6
http://dx.doi.org/10.1111/2041-210X.12084
http://dx.doi.org/10.1080/106351599260472
http://dx.doi.org/10.1080/106351599260472
http://dx.doi.org/10.1111/j.1420-9101.2008.01594.x
http://dx.doi.org/10.1111/j.1420-9101.2008.01594.x
http://dx.doi.org/10.1086/652466
http://dx.doi.org/10.1111/j.1558-5646.2011.01460.x
http://dx.doi.org/10.1111/2041-210X.12081
http://dx.doi.org/10.1666/13033
http://dx.doi.org/10.1016/j.tree.2007.06.013
http://dx.doi.org/10.1016/j.tree.2007.06.013
http://dx.doi.org/10.1111/j.1558-5646.2009.00926.x
http://dx.doi.org/10.1073/pnas.1406304111
http://dx.doi.org/10.1073/pnas.1120774109
http://dx.doi.org/10.1038/290699a0
http://dx.doi.org/10.1038/290699a0
http://dx.doi.org/10.1038/417070a
http://dx.doi.org/10.1038/417070a
http://dx.doi.org/10.1098/rspb.2009.0245
https://github.com/graemetlloyd/Claddis
https://github.com/graemetlloyd/Claddis
https://github.com/graemetlloyd/Claddis
http://dx.doi.org/10.1111/j.1096-0031.2008.00229.x
http://dx.doi.org/10.1111/j.1096-0031.2008.00229.x
http://dx.doi.org/10.1038/nature05854
http://dx.doi.org/10.1126/science.1253451
http://dx.doi.org/10.1126/science.1253451
http://dx.doi.org/10.1111/bij.12731
http://dx.doi.org/10.1098/rspb.2012.2244
http://dx.doi.org/10.1016/j.palaeo.2014.07.017
http://dx.doi.org/10.1016/j.palaeo.2014.07.017
http://dx.doi.org/10.1080/10292389409380473
http://dx.doi.org/10.1080/10292389409380473
http://dx.doi.org/10.1371/journal.pone.0089739
http://dx.doi.org/10.1371/journal.pone.0089739
http://dx.doi.org/10.1139/e2012-074
http://dx.doi.org/10.1038/37343
http://dx.doi.org/10.1080/02724634.2014.957292
http://dx.doi.org/10.1080/02724634.2014.957292
http://dx.doi.org/10.1038/nature10591
http://dx.doi.org/10.1080/02724634.1999.10011148
http://dx.doi.org/10.1080/02724634.1994.10011565
http://dx.doi.org/10.1111/pala.12121
http://dx.doi.org/10.1111/pala.12121
http://dx.doi.org/10.1038/267318a0
http://dx.doi.org/10.1038/267318a0
http://rspb.royalsocietypublishing.org/

	Eutherians experienced elevated evolutionary rates in the immediate aftermath of the Cretaceous-Palaeogene mass extinction
	Background
	Material and methods
	Tree selection
	Dating the phylogenies
	Calculating evolutionary rates

	Results
	Dating the origin of Placentalia
	Rates of evolutionary change


	Discussion
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


