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Macroevolutionary analyses: speciation, extinction, and trait evolution
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Why are there plants adapted to brackish water in Tibet? 

Woutersen et al. in prep.
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Macroevolutionary analyses: speciation, extinction, and trait evolution

How do species interactions shape phenotypic evolution?

Floral evolution in Gesnariaceae

Serrano-Serrano et al. 2015 BMC Evol Biol
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Wiens and Donoghue, TREE 2004
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• Time to diversify 
• Speciation and extinction rates 
• Dispersal and migration rates 

Macroevolutionary analyses: speciation, extinction, and trait evolution

Barthlott et al . Erdkunde 2007

Plant biodiversity hotspots
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Extant-taxa phylogenies and the fossil record

Complete 
evolutionary history 

of a clade

Reconstructed 
phylogeny of the 

extant taxa

Fossil record
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Fossil-based estimates of species diversification 38 J. JOHN SEPKOSKI, JR.
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Spindle diagrams from fossil counts to understand 
broad diversification patterns in life history
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Fossil-based estimates of trait evolution

Random, gradual evolution Evolutionary trends Phenotypic jumps

© 1987 Nature  Publishing Group

10 

No. of ribs 

Fig. 2 Superimposed histograms of the number of ribs developed 
in Ogygiocarella comparing earlier data with results from this study. 
The data in black are taken from Hughes3 and relate to specimens 
from both the Teretiusculus Shales (left peak) and the Gracilis 
Shales (right peak). The peaks in this distribution have been 
labelled according to Hughes' taxonomic interpretation. Total 
number of specimens: this study, 1,211; '0. debuchii', 93; '0. 

angustissima', 96. 

(compare with Figs 1 and 4). Figure 2 shows the data which 
Hughes used to justify separation of Ogygiocarella into two 
successive species. Superimposed are data from this study show-
ing numerous 'missing links' between 0. debuchii and 0. angus-
tissima, mostly from section EP. 

The underlying rib count distributions of all genera are uni-
modal, albeit often somewhat skewed. No genus, locally at least, 
appears to have been represented by more than one species at 
any particular time. Rare bimodal character distributions are 
believed to reflect relatively rapid shifts in mode within the time 
span of the plotted assemblage (Fig. 3). 

Attempts to use the median glabellar ridge as a 'presence or 
absence' character in diagnosis of Cnemidopyge species (Fig. 1) 
failed repeatedly. Despite assertions that C. bisecta arose from 
C. nuda in the Gracilis Shales\ specimens fitting the diagnosis 
of C. bisecta were found alongside 'C. nuda' in the Teretiusculus 
Shales. So many Cnemidopyge, however, had faint or very faint 
ridges that eventually an integer value for ridge development 
ofO to 4 was assigned to all well-preserved glabellae (n = 1,478). 
Continuous, unimodal distributions confirmed the intraspecific 
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Fig. 3 Rib count distributions for Cnemidopyge from three suc-
cessive localities in the Newmead Lane Stream Section, Teretius-
culus Shales. The modes in localities NL 41 and NL 43 are clearly 
7 and 8, respectively, whereas in NL 42 the distribution is somewhat 
bimodal, suggesting that the mode shifted from 7 to 8 within the 
time span represented by this assemblage. Such shifts are reversible 
and common. Stratigraphic position of each locality is given in 
meters above the base of the section. Number of specimes: 42 in 

NL 41, 57 in NL 42 and 45 in NL 43. 

nature of this variable, whose mean altered frequently. 
Regression analysis showed a negative correlation between ridge 
development and size (r=-0.41, p<0.00001, n=295). The 
prominence of this ridge in many descendant adults from the 
Gracilis Shales was therefore probably achieved by a slight 
heterochronic shift involving post-cijsplacement6

• 

Similar problems were encountered when applying existing 
species diagnoses to specimens of Platycalymene, Nobiliasaphus 
and the trinucleids Bergamia and Whittardolithus, and no new 
criteria emerged to permit specific separation. Nileids under-
went sufficient evolution for the ends of the lineage to have 
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Fig. 4 Summary of changes in mean number of ribs for eight trilobite lineages in the Builth inlier. Means with 95% confidence interval and 
number of measurements are shown by .... nand en. Approximate mean (0) based on Hughes1• 3 or personal observations. Data from Hughes1 

(H). Individual measurements (xn). Successive means (?") are significantly different at the 95% confidence level. Successive means (JI") are 
certain to be significantly different but full data are unavailable. Vertical spacing between sections is not to scale. BG: Bach-y-graig Stream 
Section. WL: Welfield Lodge Stream Section. NL: Newmead Lane Stream Section. TC: Trecoed Stream Section. EP: Stream Section East of 

Pencerrig. PH: Pencerrig House Section; LQ: Pencerrig Lake Quarry. (Full locality details in ref. 4). 

Sheldon 1987 Nature
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Theorizing the molecular clock

Neutral theory predicts that genetic distance 
between taxa will increase linearly with time

Zuckerkandl and Pauling 1965 J Theor Biol

…meanwhile molecular phylogenetics started to take off
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1 2 3 5 

~ 6  v2 ~3 4 V4~7 v5 
V 6 /~8 V7 

Fig. 1. The tree used in the discussion of computing the likeli- 
hood. The v's are the lengths of the segments 

s 8, the likelihood of the tree would be the product of 
the probabilities of change in each tree segment, times 
the prior probability 7rs0 of state s 0, so that it would be 

L = rrs0 Ps0s6 (v 6) Ps6sl (v 1) Ps6s2 (v 2) Ps0s8 (v 8) 
(1) 

Ps8s 3 (v3) Ps8s 7 (v7)" Ps7s 4 (v4) Ps7s 5 (v5) , 

where s i is the state at point i on the tree. In practice 
we do not know so, s6, s7, and s8, so the likelihood will 
be the sum over all possible assignments of bases to 
those forks on the tree: 

L = X  ~ Z ~ n P (v6) (Vl) 
s o s 6 s 7 s 8 so s0s 6 Ps6s 1 

Ps6s 2 (v2)Ps0s8(V8)Psss 3 (v3) 

"Ps8s7 (v7) Ps7s 4 (v4) Ps7s 5 (v5) 

(2) 

This expression will have 256 terms, and in general the 
expression for n species will have 22n'2 terms, which can 
easily be a very large number. 

Fortunately, a considerable economy can be realized 
by moving the summation signs rightwards in (2), ob- 
taining 

L= Z % )  ( h ) ]  (v2)] } So ~rs 0 {s~6 Psos 6 [Ps6s 1 [Ps6s 2 

(• (V8) (V3) ] [~ (V7) (3) s 8 Ps0s8 [Ps8s 3 Ps8s 7 

(Ps 7 s 4 (V4)) (Ps 7 s 5 (vs))] } . 

implies that this corresponds to starting at the tips of 
the tree and moving downward. We can restate this 
process in terms of conditional likelihoods: We define 
Ls(k) as the likelihood based on the data at or above 
point k on the tree, given that point k is known to have 
state s for the site under consideration. If point k is a 
tip, then Ls (k) will be zero for all s except that actually 

for which Lsk (k) = 1. This enables us to observed, start 
the computation by computing for each tip k a set of 
four Ls(k). 

This evaluation of expression (3) is then exactly equi- 
valent to the following algorithm. We work our way 
down the tree from the tips (in computer science par- 
lance, we perform a postorder tree traversal). For point 
k, whose immediate descendants are i and j, we can com- 
pute for all four values of s k 

(k) = (Z Psksi (v i) (i)) (:~ (vj) LsltJ) ) Lsk s i Lsi sj Psksj " 

(4) 

If this process is continued until we reach the bottom 
fork on the tree, it can be seen that all of the terms in 
(3) have been computed. For the bottom fork, point 0 
in our example, we will then have computed the four 
conditional likelihoods Ls0 (0) given the possible states 
of the site at point 0. The overall likelihood of the tree 
for the site under consideration is then 

L = E 7r L (o) (5) 
s O So s o 

completing the calculation of (3). This algorithm was 
stated earlier for a more general case (Felsenstein 1973). 
I have dubbed it "pruning", since it in effect removes 
two tips from the tree at each step. The pruning proce- 
dure is closely analogous to the "peeling" algorithms 
widely used in pedigree analysis in human population 
genetics (Elston and Stewart 1971; Cannings et al. 
1976), and to methods long used for evaluating poly- 
nomials in numerical analysis (Dahlquist et al. 1974, p. 
14). 

The 7r's must be the prior probabilities of finding 
each of the four bases at point 0 on the tree. Since 
we are assuming an evolutionary steady state in base 
composition, they reflect the overall base composition 
in the group under study. We will specify the Pij(t) in 
such a way that the probabilistic process leads to main- 
tenance of this same base composition, which we assume 
is given from external evidence. 

Notice that the pattern of parentheses in expression (3) 
bears an exact relationship to the topology of the tree, 
since it is ([][]} {[][( )( )]} There is one P for each seg- 
ment of the tree. The expression can be evaluated by 
working outwards from the innermost parentheses. The 
correspondence between the parentheses and the form 

The Base Substitution Probabilities 

We have not yet specified how the quantities Pij(t) are to 
be computed. These are the probabilities of transition 
from one base to another over a segment of length t. We 

80s: Molecular phylogenetics gets started

Felsenstein 1981 J Mol Evol

30 years of methodological, sequencing and computing progress 

374 

estimation of evolutionary trees. This package will be 
supplied on request, written in standard ANSI format on 
a magnetic tape supplied by the recipient. It must be 
acknowledged that this computer program is quite slow, 
and could be effectively used only by someone who had 
free computer time available. The other programs in the 
package do not share this difficulty. 

Extensions 

There are many natural directions in which the present 
scheme can be extended. It is straightforward to incor- 
porate into the current algorithm the case in which some 
bases are not known unambiguously in the original data. 
If (say) site 3 could be either an A or a G, then it is 
merely necessary ot note that, by the definition of the 
conditional likelihood at that site L 1 = L 3 = 1 and 
L 2 = L 4 = 0. The result will be a correctly computed 
likelihood. 

Allowing some sites to be "hot spots" is also straight- 
forward. If  each site has probability x of having substitu- 
tion rate u 1 and 1-x of having substitution rate u 2, then 
if L(u) is the likelihood for the whole tree at a site given 
substitution rate u, the overall likelihood will be x L(ul) 
+ (l-x) L(u2). The iteration method can be appropria- 
tely altered to correspond to this model. It would also 
be quite easy to allow different substitution rates at the 
three positions of each codon. 

Hypothesis Testing 

The availability of maximum likelihood estimation 
makes available hypothesis testing by the likelihood 
ratio test. One could in principle test constancy of the 
rate of substitution. This would require some way of 
maximizing the likelihood under the constraint that all 
tips are contemporaneous. This constraint is not main- 
tained in the current iteration method, but the likeli- 
hood evaluation method given by equations (4), (5), and 
(7) above could be used together with a direct search 
method. The likelihood ratio test of constancy of rate 
of  evolution would have n-2 degrees of freedom if 
there were n tip species. Langley and Fitch (1974)have 
tested constancy of rate of protein evolution. Their 
test used as data ancestral sequences inferred by a parsi- 
mony method and thus does not constitute a likelihood 
ratio test of the sort carried out here. The present meth- 
odology could in principle be extended to protein data, 
but the computational effort would be prohibitive. 

One could also test whether alternatives to the maxi- 
mum likelihood topology were acceptable. One could 
test this in a crude way by evaluating the curvatures of 
the log-likelihood surface and using this to obtain an 
asymptotic covariance matrix of the v i. If  this indicates 
that one of them could be zero, this implies that alterna- 

tive branching patterns in that portion of the tree may 
be acceptable. This is one of the great advantages of the 
likelihood approach (or any statistical approach) - it 
gives us an indication of the amount of uncertainty in 
our estimate. 

In practice this covariance matrix is only obtained 
with some computational difficulty. A more limited in- 
dication of the statistical error can be obtained by ob- 
taining only the variances of the segment lengths. These 
are more easily computed. Each such variance is the in- 
verse of the curvature of the likelihood surface when all 
but one of the v i are held fixed. Recall that the log like- 
lihood as a function of the i-th segment length is given 
by equation (13) above. Its derivative with respect to p 
is given by equation (14) above. The second derivative is 

d 2 L (Bi - Ai)2 
= . ~  

dp2 i (Aiq + Bip)2 
(18) 

The asymptotic variance of our estimate of p will be 

d 2 L (Bi - Ai)2 
- 1 / ~  = 1 / ~  ,, ( 1 9 )  

dp 2 i (Aiq + Bip)2 

The quantities Ai, Bi, ~ and ~ are needed in the iterative 
method of computing our estimate of p, and are pre- 
sumably readily available. This variance can be readily 
converted into a corresponding variance of ~, by dividing 
(19) by ~2. 

The variance thus obtained is an underestimate of the 
true asymptotic variance, since the curvature (19) over- 
estimates the true curvature which would be obtained if 
we allowed all the pj to vary at once. The likelihood sur- 
face must fall off  at least as quickly when only Pi can 
vary as it will as a function of pj when the other Pk 
are allowed to vary so as to partially compensate for the 
effects of pj. 

A Numerical Example 

As a computational example, the above computer pro- 
gram has been applied to some of the eukaryotic 5S 
RNA sequences tabulated by Erdmann (1979). A curso- 
ry examination of the sequences shows that some dele- 
tion and insertions seems to have gone on. Since these 
processes are not incorporated in the model, and since 
the computer program is quite slow, attention was con- 
fined to the five vertebrate species (trout, Xenopus, 
turtle, iguana, and chicken). These seem to have homo- 
logous sequences. The 3' terminal base of all but Xeno- 
pus were omitted, so that all 120 positions could be 
compared. The sequences used were those labeled c. (a), 
Re, R. T., Tu, and X. L. S. in Erdmann's table. For the 
purposes of this example, the frequencies of the four 

Open source software in the 80s

First likelihood-based estimation of 
phylogenetic trees

90s: “Big-data” era begins
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30 years of methodological, sequencing and computing progress 

2000s: More realistic “relaxed” molecular clock models

Thorne and Kishino 2002 Syst Biol Drummond et al. 2006 PLoS Biol

Autocorrelated clocks Uncorrelated clocks
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Molecular clocks can only 
tell us the relative age of 
branching events

We need fossil evidence to 
calibrate the tree to 
absolute time

Ti
m

e

The era of fossils as calibrations (1990-2010)

(and for nothing else)

Neocallimasticales and all other fungi is said to be
1458 ^ 70 MYA [6] (i.e. the coefficient of variation is 7%).
These results are simply incompatible with mathe-
matics. The fact that the uncertainties were successively
discarded in the process of deriving secondary, tertiary and
higher-order calibrations from the primary human–
chicken calibration does not mean that the errors are
not there. Every estimate, regardless of themethod used to
derive it, has a mean and a variance [41,42], and the
variance neither diminishes nor disappears when one
manipulates the mean.

The tertiary derivatives of the chicken–human com-
parison are used to estimate ten ancient divergence
events, such as mosses versus vascular plants, basidio-
mycetes versus ascomycetes and Candida albicans versus
Saccharomyces cerevisiae [6]. As expected, the iterative
use of ^ 0 calibration points results in estimates that are
accompanied by deceptively low standard errors, leaving
the uninitiated reader with a sense of certainty that
is as comforting as it is false. Thus, estimates such as
1458 ^ 70 MYA for the divergence between Neocallimas-
ticales and all other fungi or 1107 ^ 56 MYA for the
divergence between Mucorales and Blastocladiales versus
Basidiomycota and Ascomycota [6] are imaginary. Indeed,
if ancient divergence events can be pinpointed so accurately

in a temporal framework, then by using the methodology of
Heckman et al. [6], we will be able to attain parts-per-billion
accuracies in dating less-ancient events. In fact, we might
ultimately be able to tell whether the human–chimpanzee
divergence occurred on a Monday or not.

Chapter 6: dating Genesis
The continuation of the saga is as predictable as it is
outlandish. By using tertiary, and possibly quaternary,
quinary and senary derivations from the mythical 310 ^ 0
chicken–human calibration, five of the most ancient
divergence events are dated [2]. The pinnacle is reached
with an estimate of 3.97 ^ 0.25 billion years ago for the
divergence between archaebacteria and eukaryotes. An
illustrative example of the extrapolations involved in
estimating ancient divergence events is shown in Figure 2.

All these dating exercises have been summarized as
reviews [7,8,13] with attractive figures depicting the age of
all vertebrates and model organisms. The appearance of
accuracy and the high-quality artwork have resulted in
hundreds of citations in which such dates were accepted as
factual. Unfortunately, no matter how great our thirst for
glimpses of the past might be, mirages contain no water.
Trying to estimate the divergence times of fungal, algal or
prokaryotic groups on the basis of a partial reptilian fossil

Figure 2. A leap of faith? Estimating the divergence time between Escherichia coli and cyanobacteria (blue) in Ref. [2] was accomplished by the following steps: (i) start at
the primary human–chicken calibration (green) of 310 ^ 0 MYA; (ii) interpolate from 310 ^ 0 MYA and modify to 110 ^ 0 MYA (orange); (iii) extrapolate from 110 ^ 0 MYA
and modify to 993 ^ 0 MYA (red); (iv) extrapolate from 993 ^ 0 MYA and modify to 3970 ^ 0 MYA (pink); and (v) bend the corner from 3970 ^ 0 MYA and extrapolate to
2560 MYA. The estimation procedure required extrapolations and interpolations over a phylogenetic path equivalent in length to at least 5500 MY of evolution. The total
route exceeds the age of the Earth. The faded lines indicate uncertain phylogenetic affiliations.
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Graur and Martin 2004 Trends Genetics

With caveats…
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The era of fossils as calibrations (1990-2010)
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Angiosperms, that is, flowering plants, are critical components 
of nearly all terrestrial and many aquatic habitats, and knowl-
edge of their origin and evolution can provide the framework 

for understanding the history and composition of major terrestrial 
ecosystems and general patterns of biodiversity1,2. The apparent 
rapid early diversification of angiosperms within a short geological 
time period was referred to by Darwin as “an abominable mystery”3. 
Their rise to dominance in ecosystems since the Lower Cretaceous 
subsequently promoted diversification of insects4,5, amphibians6, 
mammals7, ferns8 and many other organisms.

Uncertain relationships among major subclades of angiosperms 
have hindered a better understanding of patterns of angiosperm 
diversification and the evolution of key traits1,9. Over the past two 
decades, molecular phylogenetic studies have greatly advanced 
our knowledge of angiosperm evolution, as reflected in the recent 
update to the Angiosperm Phylogeny Group (APG) classification10. 
Amborellaceae are sister to all other extant angiosperms, followed 
by Nymphaeales and then Austrobaileyales11–13. These clades are, 
together, referred to as the ANA grade, and the clade comprising 
the remainder of the angiosperms is referred to as the mesangio-
sperms14. Despite the inclusion in many previous phylogenetic 
studies of representatives of the five clades of mesangiosperms, 
that is, Chloranthales, magnoliids, monocots, Ceratophyllales and 
eudicots, the relationships among these have remained unclear9, 
with as many as 15 poorly to moderately supported topologies  

having been proposed15. Furthermore, the composition and rela-
tionships of some subclades recognized as orders and families have 
also remained weakly supported due to sparse gene sampling, low 
taxonomic coverage or both.

The plastid genome (plastome) has been the most important 
source of data for reconstruction of green plant phylogeny9, and 
recent phylogenomic analyses with nuclear genes have gener-
ally supported previous plastid-based hypotheses15,16. To improve 
our current understanding of plastid phylogenomics, we gener-
ated and assembled a large DNA dataset comprising 80 genes from 
2,881 plastomes and estimated divergence times using a validated 
set of 62 fossils spread across the angiosperm tree.

Results and Discussion
We assembled a dataset of 2,881 plastomes (Supplementary Table 1) 
including 2,694 plastomes of angiosperms representing 2,351 spe-
cies from all 64 clades recognized as orders and 353 (85%) of the 
416 APG IV families10, as well as 187 plastomes from 163 species of 
gymnosperms as outgroups. To maximally capture the plastome 
and taxon diversity of angiosperms, particularly at the familial level, 
we included published angiosperm plastomes in National Center 
for Biotechnology Information (last accessed 1 January 2017) and 
generated plastome sequences for 1,659 species from 63 orders and 
347 families (Supplementary Table  1), including 677 plastomes 
of 671 species from the OneKP Project17; those of six orders and 

Origin of angiosperms and the puzzle of the 
Jurassic gap
Hong-Tao Li1,15, Ting-Shuang Yi1,15, Lian-Ming Gao2,15, Peng-Fei Ma! !1,15, Ting Zhang1,15, 
Jun-Bo Yang1,15, Matthew A. Gitzendanner3,4,15, Peter W. Fritsch5, Jie Cai1, Yang Luo2, Hong Wang2, 
Michelle van der Bank6, Shu-Dong Zhang1, Qing-Feng Wang! !7, Jian Wang8, Zhi-Rong Zhang1, 
Chao-Nan Fu2,9, Jing Yang1, Peter M. Hollingsworth! !10, Mark W. Chase11,12, Douglas E. Soltis! !3,4,13,14, 
Pamela S. Soltis! !3,13,14* and De-Zhu Li! !1,2,9*

Angiosperms are by far the most species-rich clade of land plants, but their origin and early evolutionary history remain poorly 
understood. We reconstructed angiosperm phylogeny based on 80!genes from 2,881!plastid genomes representing 85% of 
extant families and all orders. With a well-resolved plastid tree and 62!fossil calibrations, we dated the origin of the crown 
angiosperms to the Upper Triassic, with major angiosperm radiations occurring in the Jurassic and Lower Cretaceous. This 
estimated crown age is substantially earlier than that of unequivocal angiosperm fossils, and the difference is here termed the 
‘Jurassic angiosperm gap’. Our time-calibrated plastid phylogenomic tree provides a highly relevant framework for future com-
parative studies of flowering plant evolution.

NATURE PLANTS | VOL 5 | MAY 2019 | 461–470 | www.nature.com/natureplants 461

Li et al. 2019 Nature Plants

Some issues still remain…

Wheat and Wahlberg 2013 Syst Biol

Origin of angiosperms

125 Ma vs >200 Ma

Origin of arthropods

540 Ma vs >800 Ma
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Phylogenetic comparative methods (1990-2010)
Methods to infer trait evolution and ancestral states
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Phylogenetic comparative methods (1990-2010)
Methods to infer trait evolution and ancestral states
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The situat ion is more complicated if the data  are
not  consistent  with a  constant  speciat ion ra te model.
For  example, ext inct ion occurr ing randomly and at  a
roughly constant  ra te over  t ime is expected to cause
an apparent  accelerat ion in  speciat ion ra te towards
the present  (Box 3). In  this case, it  is possible to
est imate speciat ion and ext inct ion ra tes separately,
ra ther  than just  to est imate the net  DIVERSIFICATION

RATE17,24. However, as descr ibed in  Box 3, other
processes, and sampling and taxonomic ar tefacts in
part icular, can affect  the shape of the plots. Est imates
of speciat ion ra tes and their  interpretat ion rely
heavily on these issues. Nonetheless, a lthough the
outcomes of some processes might  be sta t ist ically

indist inguishable, the range of diversificat ion models
consistent  with the data  can be narrowed down,
thereby gaining bet ter  est imates of speciat ion ra tes.

At present, few studies have applied these
techniques to estimating speciation rates in real clades,
possibly mainly because of the rarity of sufficiently
complete trees. As more data become available,
particularly those demonstrating the evolutionary
status of included species, variations of these methods
will be used for broad surveys of speciation rates. In
addition, links between genealogical approaches and
the methods we describe should allow estimation of a
broader range of parameters, such as the relative rates
of paraphyletic and monophyletic modes of speciation,

TRENDS in Ecology & Evolution Vol.16 No.7  July 2001

http://tree.trends.com

393Review

DNA sequence data can be used to estimate the relative ages of nodes on a
phylogeny. Assuming that nucleotide substitutions between taxa
accumulate randomly over time, molecular distances reconstructed onto
the phylogeny are expected to be roughly proportional to the time
elapseda. However, variation in substitution rates among lineages means
that we cannot assume a strict molecular clock in most cases. Recently, a
variety of methods have been proposed for estimating the relative ages of
nodes, with confidence intervals, from sequence data even in the absence
of molecular clock. Most are likelihood methods that fit node ages under
explicit or heuristic models of how rates change among lineagesb–d. The
exception is Sanderson’s Non-Parametric Rate Smoothing algorithme,
which converts an unconstrained tree (in which branch lengths reflect rate
as well as time) into an ultrametric tree (in which branch lengths only reflect
time) by minimizing rate changes across the tree. These methods have not
yet been fully evaluated on real data, but represent an important step
forward. Additional complexities can arise when considering very recent
speciation events, in which case genetic diversity within populations can
have a large effect on estimates of divergence times (see Nicholsf, this
issue).

Calibration of the tree in real time remains difficult, relying on the
availability of fossil dates or biogeographical evidence, which can be
lacking in some groups. The traditional approach of using blanket
calibrations for rates of molecular evolution, such as the widely used insect
mitochondrial DNA clock of 2% pairwise sequence divergence per million
yearsg, is confounded by rate variation among taxa. However, more
sophisticated calibrations should be possible in future, using tests for rate
variation between study groups and reference clades with calibrated dates.
This will rely on the availability of a library of well-dated phylogenies
derived from commonly used genes.
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a Hillis, D.M. et al., eds (1996) Molecular S ystem atics, Sinauer  Associates
b Thorne, J .L. et al. (1998) Est imat ing the ra te of evolut ion of the ra te of molecular

evolut ion. Mol. Biol. Evol. 15, 1647–1657
c Huelsenbeck, J .P. et al. (2000) A compound Poisson process for  relaxing the molecular

clock. Genetics 154, 1879–1892
d Yoder, A.D. and Yang, Z.H. (2000) Est imat ion of pr imate speciat ion dates using local

molecular  clocks. Mol. Biol. Evol. 17, 1081–1090
e Sanderson, M.J . (1997) A nonparametr ic approach to est imat ing divergence t imes in  the

absence of ra te constancy. Mol. Biol. Evol. 14, 1218–1231
f Nichols, R. (2001) Gene t rees and species t rees are not  the same. Trends Ecol. Evol. 16,

358–364
g Brower, A.V.Z. (1994) Rapid morphological radiat ion and convergence among races of the
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Box 2. Dating phylogenies
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Fig. 1. Lineages-through-time plot for studying speciation rates. The
log of the number of lineages is plotted against the relative time of
each node since the root node (*) (other graphical representations are
discussed in Ref. 10). Under the simplest model (the constant
speciation rate model), where the probability of a speciation event
occurring in a given time is constant both over time and among
species, a straight line w ith slope equal to the per lineage speciation
rate, b is expected. This corresponds to the pure birth stochastic
process, an early statistical model that first arose in precisely this
context10. The maximum likelihood estimate of b equals the number of
reconstructed speciation events that have occurred since the root
node, divided by the total lineage time available for such events to
occur. Confidence intervals for the estimate based on the fact that only
a finite sample of nodes is available can also be calculated10,23. The
probability theory underlying statistical inference from phylogenies is
closely related, and often identical to population genetics theory used
to make inferences from gene genealogies9,17, but there are some
differences. For example, population geneticists largely rely on a
coalescence approach, which reverses time and imagines the tree
shrinking as its branches coalesce at the nodes. However, this
approach does not allow one to theorize about trees that grow
according to a birth–death process (i.e. w ith extinction), for which a
forward perspective on time is needed8.

Using dated phylogenies to infer speciation and extinction rates

The ‘reconstructed’ birth-death process to infer speciation 
and extinction rates from a phylogeny of extant taxa.

Lineage-through-time 
plot
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Phylogenetic treeLTT plot                                                          

Temporal dynamics of species diversification: pure birth process
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What is the effect of extinction on an LTT plot?

"True" phylogeny 
λ = 1 
μ = 0.5
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What is the effect of extinction on an LTT plot?

reconstructed phylogeny 
λ = 1 
μ = 0.5
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λ: 1 
μ: 0.9 

λ: 1 
μ: 0 

older lineages are more likely to 
go extinct

birth-death processpure-birth process (no extinction)

lineages accumulate linearly 
through time in semi-log space

Birth-death processes in phylogenetics

Extinction leaves a signature in the temporal distribution of node ages
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λ: expected number of speciation events in 1 My per-lineage
μ: expected number of extinction events in 1 My per-lineage

Species diversification as a birth-death stochastic process

Kendall 1948 Ann Math Statist; Gernhard 2008 J Theor Biol

exponential waiting time until speciation Time until speciation: 
Exponential distribution 
with mean 1/λ

Time until extinction: 
Exponential distribution 
with mean 1/μ
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Parameters of the diversification process

Kendall 1948 Ann Math Statist; Gernhard 2008 J Theor Biol

exponential waiting time until speciation

λ: expected number of speciation events in 1 My per-lineage
μ: expected number of extinction events in 1 My per-lineage

Time until speciation: 
Exponential distribution 
with mean 1/λ

Time until extinction: 
Exponential distribution 
with mean 1/μ
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Parameters of the diversification process

Kendall 1948 Ann Math Statist; Gernhard 2008 J Theor Biol

exponential waiting time until extinction

exponential waiting time until speciation

Time until speciation: 
Exponential distribution 
with mean 1/λ

Time until extinction: 
Exponential distribution 
with mean 1/μ

λ: expected number of speciation events in 1 My per-lineage
μ: expected number of extinction events in 1 My per-lineage



Daniele Silvestro 2019 24

Parameters of the diversification process

Kendall 1948 Ann Math Statist; Gernhard 2008 J Theor Biol

Time until speciation: 
Exponential distribution 
with mean 1/λ

Time until extinction: 
Exponential distribution 
with mean 1/μ

λ: expected number of speciation events in 1 My per-lineage
μ: expected number of extinction events in 1 My per-lineage
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λ: expected number of speciation events in 1 My per-lineage
μ: expected number of extinction events in 1 My per-lineagenet diversification rate

speciation rate

r = λ – μ 

a = μ / λextinction fraction

μ (or q)extinction rate

λ (or p)

Parameters of the diversification process

Kendall 1948 Ann Math Statist; Gernhard 2008 J Theor Biol

REVIEW

Recovering speciation and extinction dynamics based on
phylogenies
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Abstract

Phylogenetic trees of only extant species contain information about the
underlying speciation and extinction pattern. In this review, I provide an
overview over the different methodologies that recover the speciation and
extinction dynamics from phylogenetic trees. Broadly, the methods can
be divided into two classes: (i) methods using the phylogenetic tree shapes
(i.e. trees without branch length information) allowing us to test for
speciation rate variation and (ii) methods using the phylogenetic trees with
branch length information allowing us to quantify speciation and extinction
rates. I end the article with an overview on limitations, open questions and
challenges of the reviewed methodology.

Introduction

A phylogenetic tree represents the evolutionary relation-
ship between species. Tips correspond to extant species
and branching events correspond to speciation events
(Fig. 1, middle). Classically such phylogenetic trees were
reconstructed using morphological data from different
species, based on the evolutionary concept that morphol-
ogy of closely related species shares more characteristics
than morphology of distantly related species. The
increasing amount of sequence data allowed the recon-
struction of many more species phylogenies, based on
the evolutionary concept that genetic sequences of
closely related species share more characteristics than
genetic sequences of distantly related species.
Phylogenetic trees not only inform systematists about

the evolutionary relationship of species, but also allow
us to infer evolutionary dynamics of the considered
species clade using comparative methods (Harvey &
Pagel, 1991). In this review, I will focus on recent
methodological developments towards understanding
speciation and extinction dynamics based on
phylogenetic trees. Despite rarely being termed this
way, such methods are also comparative methods as

the phylogenetic relationships between species are used
to understand the speciation and extinction dynamics.
Inferring speciation and extinction dynamics allows us

to aim at identifying the main factors that led to the bio-
diversity we observe today. In particular, recent methods
allow us to determine the impact of the environment on
speciation and extinction, as well as to identify species
traits and characteristics that have a selective advantage
on a macroevolutionary scale. Furthermore, the amount
by which competition among species limits speciation
and fosters extinction may be determined.
Speciation and extinction dynamics are inferred by fit-

ting macroevolutionary models to phylogenetic trees,
that is, by determining which model explains the data
best, with sophisticated fitting methods providing a
quantification for the parameters of the model. In this
review article, I will first define a general model for speci-
ation and extinction and explain how it gives rise to phy-
logenetic trees. Thereafter, the main body of the article
will show advances in fitting such models to empirical
phylogenetic trees. There exists a wide range of fitting
methodology; however, all of the methods essentially
aim at identifying the model which gives rise to phyloge-
netic trees most similar to the empirical phylogeny. I will
discuss how such model fitting allows us to test macro-
evolutionary hypotheses as well as to quantify macro-
evolutionary parameters (the speciation and extinction
rates). Technical challenges for the future are highlighted
in little ‘Outlook’ paragraphs. The article ends with
putting the methods into a broader macroevolutionary
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Abstract
Estimating rates of speciation and extinction, and understanding how and why they vary over
evolutionary time, geographical space and species groups, is a key to understanding how ecologi-
cal and evolutionary processes generate biological diversity. Such inferences will increasingly bene-
fit from phylogenetic approaches given the ever-accelerating rates of genetic sequencing. In the
last few years, models designed to understand diversification from phylogenetic data have
advanced significantly. Here, I review these approaches and what they have revealed about diver-
sification in the natural world. I focus on key distinctions between different models, and I clarify
the conclusions that can be drawn from each model. I identify promising areas for future research.
A major challenge ahead is to develop models that more explicitly take into account ecology, in
particular the interaction of species with each other and with their environment. This will not only
improve our understanding of diversification; it will also present a new perspective to the use of
phylogenies in community ecology, the science of interaction networks and conservation biology,
and might shift the current focus in ecology on equilibrium biodiversity theories to non-equilib-
rium theories recognising the crucial role of history.

Keywords
Birth–death models, cladogenesis, diversity dynamics, extinction, speciation, stochastic biodiversity
models.

Ecology Letters (2014)

INTRODUCTION

Diversification – the balance between speciation and extinc-
tion – is central to one of the most fundamental questions in
ecology: ‘How is biodiversity generated and maintained?’
Diversification is a key to understanding how biodiversity var-
ies over geological time scales (Raup et al. 1973; Foote et al.
2007; Morlon et al. 2010; Quental & Marshall 2010, 2013;
Ezard et al. 2011) and how it is distributed across the Earth’s
surface (Rosenzweig 1995; Mittelbach et al. 2007; Weir &
Schluter 2007; Rabosky 2009a; Wiens 2011; Jetz et al. 2012;
Rolland et al. 2014), the tree of life (Alfaro et al. 2009;
Rabosky 2009a) and ecological communities (Ricklefs 1987;
Morlon et al. 2011b; Wiens et al. 2011). Diversification is a
central component of major biodiversity theories, such as the
neutral theory of biodiversity (Hubbell 2001) and the meta-
bolic theory of ecology (Brown et al. 2004; Stegen et al.
2009). Diversification is also a primary predictor of three fun-
damental patterns in macroecology: the species abundance
distribution, which describes how individuals are partitioned
among species, the species–area relationship, which describes
how species richness increases with geographical area, and the
distance–decay relationship, which describes how community
similarity declines with geographical distance (Rosenzweig
1995; Rosindell & Phillimore 2011). Diversification rates are
thus some of the most important parameters in macroevolu-
tion, macroecology and community ecology.
While central to biodiversity research, diversification is par-

ticularly hard to study. Speciation and extinction processes typ-
ically happen on a scale of thousands to millions of years, and
while estimating diversification rates from fossil data is feasible

for some groups such as planktonic foraminifers, planktonic
diatoms, bivalves, gastropods and mammals (Raup et al. 1973;
Foote et al. 2007; Ezard et al. 2011; Quental & Marshall 2013),
it is not feasible for the majority of extant groups on Earth.
The paucity of the fossil record has encouraged the develop-

ment of alternative approaches to study diversification, them-
selves inspired from palaeontological models (Raup et al.
1973; Hey 1992; Nee et al. 1994a,b). Phylogenies – branching
trees that represent the evolutionary relationships among spe-
cies – contain information about past diversification events.
The phylogenetic trees of extant (present-day) species, referred
to as ‘reconstructed phylogenies’ (Fig. 1), can be inferred
using molecular data. In turn, these trees can be used along
with various stochastic models to draw inferences about diver-
sification and diversity dynamics. Since the early develop-
ments of Hey (1992) and Nee et al. (1992, 1994a,b),
phylogenetic methods have become a prevailing approach for
studying diversification (reviewed in Mooers & Heard 1997;
Mooers et al. 2007; Ricklefs 2007; Pennell & Harmon 2013;
Pyron & Burbrink 2013; Stadler 2013a) and such emphases
are further supported by the ever-increasing availability of
large scale, dated molecular phylogenies (Bininda-Emonds
et al. 2007; Jetz et al. 2012).
The specific use of phylogenies for studying diversification

remains scarce in ecology, despite the increasing importance
that phylogenetic data have taken in this field over the last
few years. In community ecology, phylogenies have mainly
been used to approximate the ecological similarity of species
(Webb et al. 2002; Cavender-Bares et al. 2009; Mayfield &
Levine 2010); in the science of species’ interaction networks,
they have been used to analyse the degree to which species’

© 2014 John Wiley & Sons Ltd/CNRS
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Detecting diversification rates in relation to preservation and
tectonic history from simulated fossil records

Tara M. Smiley

Abstract.—For mammals today, mountains are diverse ecosystems globally, yet the strong relationship
between species richness and topographic complexity is not a persistent feature of the fossil record.
Based on fossil-occurrence data, diversity and diversification rates in the intermontane western North
America varied through time, increasing significantly during an interval of global warming and regional
intensification of tectonic activity from 18 to 14 Ma. However, our ability to infer origination
and extinction rates reliably from the fossil record is affected by variation in preservation history.
To investigate the influence of preservation on estimates of diversification rates, I simulated fossil records
under four alternative diversification hypotheses and six preservation scenarios. Diversification
hypotheses included tectonically controlled speciation pulses, while preservation scenarios were based
on common trends (e.g., increasing rock record toward the present) or derived from fossil occurrences
and the continental rock record. For each scenario, I estimated origination, extinction, and diversification
rates using three standard methods—per capita, three-timer, and capture–mark–recapture (CMR)
metrics—and evaluated the ability of the simulated fossil records to accurately recover the underlying
diversification dynamics. Despite variable and low preservation probabilities, simulated fossil records
retained the signal of true rates in several of the scenarios. The three metrics did not exhibit similar
behavior under each preservation scenario: while three-timer and CMRmetrics produced more accurate
rate estimates, per capita rates tended to better reproduce true shifts in origination rates. All metrics
suffered from spurious peaks in origination and extinction rates when highly volatile preservation
impacted the simulated record. Results from these simulations indicate that elevated diversification rates
in relation to tectonic activity during themiddleMiocene are likely to be evident in the fossil record, even
if preservation in the North American fossil record was variable. Input from the past is necessary to
evaluate the ultimate mechanisms underlying speciation and extinction dynamics.
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Introduction

One of the outstanding questions in biology
remains: How do patterns in species diversity
arise and persist over space and time?
Explanations for diversity gradients have
frequently emphasized regional or temporal
differences in diversification rates (e.g.,
Jablonski et al. 2006; Weir and Schluter 2007;
Mittelbach et al. 2007; Rolland et al. 2014). One
hypothesized mechanism for long-term varia-
tion in speciation and extinction rates is the
influence of tectonic activity and broadscale
landscape changes on species’ geographic
ranges and diversification dynamics (Cracraft
1985; Badgley 2010; Hoorn et al. 2010;
Moen and Morlon 2014; Badgley et al. 2017).
The generation of topographic complexity and
geographic barriers during tectonic activity

reduces habitat continuity while increasing
environmental heterogeneity along elevational
gradients (e.g., Mulch 2016). These landscape
changes can isolate populations, thereby
promoting population divergence, allopatric
speciation, and high species turnover at the
regional scale (e.g., Coblentz and Riitters 2004;
Renema et al. 2008; Moen and Morlon 2014).
The present-day biogeographic pattern result-
ing from these evolutionary, ecological, and
historical processes has been termed the topo-
graphic diversity gradient, or TDG (Badgley
et al. 2017). Examples of the TDG in birds,
plants, and mammals have been found on all
continents where gradients in modern species
richness strongly align with gradients in
topographic complexity at the regional scale,
resulting in elevated species richness in high-
relief and often tectonically active regions

Paleobiology, 44(1), 2018, pp. 1–24
DOI: 10.1017/pab.2017.28

© 2018 The Paleontological Society. All rights reserved. This is an Open Access article, distributed under the terms of the
Creative Commons Attribution licence (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-
use, distribution, and reproduction in any medium, provided the original work is properly cited. 0094-8373/187$$!#
��DDD 20�1"836�  "6�2 "��$�"�# �7$$!#
��3 8  "6��� �����!01 ���� ��

, D�: 03�3�5" ��7$$!#
��DDD 20�1"836�  "6�2 "� �/�8C�"#8$(� 5��0%#0����� ���
�.0"������0$��	
�	
�
��#%1��2$�$ �$7���0�1"836��� "��$�"�#� 5�%#���0C08:01:��0$



Daniele Silvestro 2019 26

4 3
Time (Ma)

2 1 0

Taxa duration Preservation rates

4 3
Time (Ma)

2 1 0

Pr
es

er
va

tio
n 

ra
te

0

0.2

0.4

0.6

Methods

PyRate implements a hierarchical Bayesian model that jointly samples the

preservation rates (indicated by q), the times of origination and extinction for each

sampled lineage (indicated by vectors s, e), and the origination and extinction rates

(indicated by � and µ). The input data are fossil occurrences characterized by their age

and their assignment to a taxonomic unit (e.g. a genus or a species) and the origination

and extinction rates scale to the taxonomic unit utilized in the input data. The joint

posterior distribution of all parameters is approximated by a Markov Chain Monte Carlo

(MCMC) algorithm and can be written as

P (q, s, e,�, µ|X)| {z }
posterior

/ P (X|q, s, e)| {z }
likelihood

⇥P (s, e|�, µ)| {z }
BD prior

⇥ P (q)P (�, µ)| {z }
other (hyper-)priors

(1)

where X = {x1, ...xN} is the list of vectors of fossil occurrences for each of N lineages, so

that xi = {x1, ..., xK} is a vector of all fossil occurrences sampled for taxon i. The

likelihood component of the model allows us to estimate the preservation rates and the

times of origin and extinction given the occurrence data, based on a stochastic model of

fossilization and sampling (see below). The birth-death (BD) prior allows us to infer the

underlying diversification process based on the (estimated) origination and extinction

times. Additional priors on q,�, µ enable the estimation of these parameters from the data.

These priors are by default set to gamma distributions, unless otherwise specified.

Preservation models

We model the process of fossil preservation and sampling using Poisson processes,

where the estimated preservation rate(s) indicate the estimated number of fossil

occurrences per sampled lineage per time unit. The likelihood of a lineage with fossil
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Estimating birth-death processes from the fossil record

Silvestro et al. 2014 Syst Biol, 2019 Paleobiology
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two rates, by assigning a specific multiplier to each time
frame or group of clades.

Methods
Bayesian estimation of the diversification parameters
The likelihood of a birth-death process (BD) describing
the speciation and extinction events of a dated phylo-
geny can be written as a function of the branching
times x, the number of extant species s, and the specia-
tion and extinction rates l and μ, respectively [9]:

L (x; λ, µ) = (s − 1 )!(λ − µ)s−2 exp

(

(λ − µ)

s∑

i=3

xi

)

×
(

1 − µ

λ

)s s∏

i=2

(
(exp (λ − µ) xi) − µ

λ

)−2
(3)

The function reduces to a pure-birth process (PB) in
the absence of extinction (μ = 0).
We implemented this likelihood function in a Markov

Chain Monte Carlo framework and applied the Metro-
polis-Hastings algorithm [62,63] to sample the posterior
distribution of the birth-death model parameters. The
algorithm is structured as follows:

1. Assign initial values to the model parameters (e.g.
l, μ)
2. Sample new r, a values (from which new l, μ are
obtained)
3. Accept or reject the proposal based on the accep-
tance probability
4. Repeat steps 2 and 3 many times
5. Repeat steps 1 to 4 over different trees sampled
from their posterior distribution
6. Summarize the MCMC over all sampled trees by
calculating mean and credibility interval for each
parameter of interest

The MCMC iteration starts with random parameter
values and successive proposals for l and μ (step 2) are
based on the sampling strategy described by Bokma [32],
randomly drawing values of r = l - μ (net diversification)
and a = μ/l (extinction fraction) from normal distribu-
tions centered on their current values. To avoid propo-
sals lying outside of the valid interval (e.g. negative
values) we use reflection at the boundary. The acceptance
probability is proportional to the likelihood ratio, and
uniform distributions are applied as flat priors on the
rates. The MCMC is run over a distribution of trees,
sampling l and μ on each tree individually after a burnin
phase (step 5) and the parameters of interest are sum-
marized over all trees to account for the uncertainty on
the node ages (step 6). The means of the posterior distri-
butions of l and μ are used as rate estimates and the

respective credibility intervals are calculated as the 95%
highest posterior density (HPD) intervals.
Assuming that a number of species are missing in a phy-

logeny, the missing lineages can be modeled as the result
of an extinction event that occurs exactly at the present
time [33]. Thus, when only a subset s of the total species S
is included in the phylogeny, the likelihood of a set of
branching times becomes a function of the proportion of
sampled species r = s/S. This model assumes that taxon
sampling is random with respect to the phylogeny. How-
ever, in case of a non-random sampling bias, individual
clades in the phylogeny are represented to different extents.
Thus, pure-birth and birth-death models were implemen-
ted in the MCMC framework with the possibility to assign
a different sampling proportion (r) to each clade.
An approach to measure the variation of speciation and

extinction rates through time has been introduced by
Rabosky and Lovette [8], to model high initial rates of
diversification followed by gradually declining net diversi-
fication rates. Their maximum likelihood method uses an
exponential transformation of l and μ through time with
the introduction of two additional parameters, namely k
and z, which specify the magnitude of l decrease and μ
increase, respectively:

λ (t) = λ0 exp (−kt) (4a)

µ (t) = µ0 (1 − exp (−zt)) (4b)

where l0 is the initial speciation rate, and μ0 the final
extinction rate. A constant speciation rate is found with k =
0, whereas the extinction tends to be constant when z is
very large. We implement Rabosky and Lovette’s [8]
SPVAR model (where speciation rates decrease through
time while extinction rates remain constant) by applying a
uniform prior in range [0, 10] for k and setting z to 10, 000.
The parameters sampled by the algorithm are l0, μ, and k.
The assumption of a pure-birth process (μ = 0) sim-

plifies equation (3) as described by Kendall [29] and
Nee et al. [9], and a likelihood-based approach has been
described to detect shifts in diversification rates through
time [12]. We implement this variable rate pure-birth
model in which, given a number of rate shifts n, the
estimated parameters are the temporal position of the
shifts s = s1, s2, ..., sn, and the corresponding rates l =
l1, l2, ..., ln+1. Proposals for l and s are sampled from
normal distributions centered on their current values.
The likelihood ratio is based on the product of the like-
lihoods of the branching times xi within each time
frame delimited by si-1, si under the rate li:

L (x; λ) =
n∏

i=1

L (xi; λi) (5)
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Skyline birth-death models

approach. These simulations – which are intended to characterize the

general statistical behaviour of the CoMET model – were augmented

with a series of additional simulations motivated by specific biological

scenarios (detailed below). All simulations and analyses were per-

formed in theR packageTESS (H€ohna,May&Moore 2016b).

False-discovery rate

We first assessed the tendency of the CoMET model to detect spurious

mass-extinction events in trees simulated under constant speciation and

extinction rates. For each tree, we sampled the speciation rate, b, from

a lognormal distribution with mean lB ¼ 1 and standard deviation

rB ¼ expð0#2Þ. Similarly, we sampled the extinction rate, d, from a

lognormal distribution with mean lD ¼ 0#5 and standard deviation

rD ¼ expð0#2Þ. We ran each simulation for T = 10 time units, gener-

ating trees with N = {100,200,400,800} species. For each tree size, we

simulated 100 trees (400 trees in total; c.f. Fig. 3a).

We also assessed the tendency of theCoMETmodel to detect spurious

mass-extinction events in trees simulated with episodic tree-wide shifts

in the speciation and extinction rates. For each tree, we sampled the

number of speciation- and extinction-rate shifts, kB and kD, from a

Poisson distribution with rate parameters kB ¼ kD ¼ 2. We sampled

the times of the speciation- and extinction-rate shifts,

TB ¼ ftB½1&; . . .; tB½kB&g and TD ¼ ftD½1&; . . .; tD½kD&g, from a uni-

form distribution on (0,T). We sampled the speciation rates,

B ¼ fb0; . . .;bkBg, from a lognormal distribution with mean lB ¼ 1

and standard deviation rB ¼ expð0#2Þ. Similarly, we sampled the

extinction rates, D ¼ fd0; . . .; dkDg, from a lognormal distribution

with mean lD ¼ 0#5 and standard deviation rD ¼ expð0#2Þ. We ran

each simulation forT = 10 time units, simulating 100 trees of each size,

withN = {100,200,400,800} species (400 trees in total; c.f. Fig. 3b).

In order to explore the impact of the chosen priors on our ability to

detect mass-extinction events, we analysed each simulated tree under a

variety of priors on the frequency of events. Specifically, we varied the

priors both on the frequency of diversification-rate shifts,

kB ¼ kD ¼ f0#1; ln 2; 2; 5g, and on the frequency of mass-extinction
events, kM ¼ f0#1; ln 2; 2; 5g. In all analyses, we specified the hyper-

priors for the speciation and extinction rates estimated using the
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tion rates shifted episodically. Each panel shows an actual tree (above) from the simulations with N = 100 species, as well as the parameters of the
stochastic-branching processmodel used in those simulations (below).
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offers little improvement in the prediction of low diversity
lineages.

To test whether any of the branches of the vertebrate diversity
tree led to clades of exceptional species richness given the
general BD model, we applied a new comparative method called
Modeling Evolutionary Diversification Using Stepwise Akaike
Information Criterion (AIC) (MEDUSA; see Methods and
Materials). We report two main results. First, the background
tempo of diversification for large sections of the gnathostome
tree of life is characterized by a low overall net rate (r ! 0.010
lineages/Myr) but also high turnover where the death rate is 99%
of the birth rate (Fig. 1). Second, we found 9 periods in
vertebrate history where the tempo of diversification changes.
The most significant of these are in a subclade of spiny-rayed
fishes that we refer to as ‘‘percomorphs.’’ This group contains
over half of the total diversity of teleosts, including most of the
coral-reef-associated fish families as well as freshwater clades
like cichlids and perches. We found rate increases leading to 5
other clades as well: most modern birds (Neoaves), 2 large clades
of fish (Euteleostei and Ostariophysi), eutherian mammals
excluding sloths, anteaters, and related lineages (Boreoeuth-
eria), and non-geckkonid squamates. We also detected 3 signif-

icant rate decreases on branches leading to coelacanths (Lati-
meridae) " lungfishes (Dipnoi), crocodylians, and tuataras
(Sphenodon).

Discussion
Vertebrate biologists have long held intuitions that the spectac-
ular diversity of many tetrapod groups (teleosts, mammals, birds,
and frogs) deserves special explanation. Our method provides a
framework for quantitatively testing whether these long-
recognized groups really are unexpectedly species rich or poor
given their age. In addition, by clarifying the phylogenetic
position, magnitude, and the timing of shifts in diversification,
analysis with MEDUSA provides a framework for evaluating
causal links to diversity. For example, several traits, including
hair, mammary glands, and molar characters (14), have been
cited as key innovations to explain mammals species richness.
Our analysis suggests that an event or series of events within
boreoeutherians may be a better explanation for this pattern
(Fig. 1, rate shift 7), although the difference in AIC score
between placing rate shift 7 on boreoeutherians vs. all mammals
does not reject traditional key innovation hypotheses outright
(#AICboreoeutherians vs. all mammals $ 3). Similarly, although feathers
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Fig. 1. Diversity tree for analyses of lineage diversification in vertebrates. Clades are collapsed to 47 representative stem lineages and colored by extant species
diversity. Clades with unusual diversification rates are denoted with numbers that indicate the order in which rate shifts were added by the stepwise AIC
procedure; yellow and blue squares denote diverse and impoverished clades, respectively, compared with background rates. Estimates for net diversification rate
(r ! !% ") and relative extinction rate (# ! "/!) are included in the lower right table. Relative extinction can be calculated only when at least part of the subclade
is resolved [see Rabosky et al. (13)]. Asterisks indicate subclades where # values could not be estimated for this reason.
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Daniele Silvestro 2019 33ferent islands (Table 1) and add an important dimension to the
interpretation of diversification patterns typically seen in molec-
ular phylogenies (19, 20, 39, 40).A criticismof diversity-dependent
speciation, as inferred from molecular phylogenies, is that this
pattern might simply be an artifact of phylogeny reconstruction or
taxon sampling. For example, use of inadequate models of mo-

lecular evolution can lead to apparent slowdowns in the rate of
speciation through time (32), but phylogenies affected by this bias
should not have been favored by models with island-specific spe-
ciation dynamics. Likewise, if Anolis contains additional cryptic
species diversity that has not been accommodated by our analyses,
wewould observe an artifactual slowdown in speciation toward the
present in the full Anolis phylogeny. However, such incomplete
sampling would require proportionately greater cryptic diversity
on the smallest islands, which have undergone the most severe
slowdown in speciation through time (Fig. 3). This pattern of
undersampling is unlikely given the considerable attention re-
ceived by Puerto Rican and Jamaican anole faunas relative to
those of Cuba; despite this work, no new species have been de-
scribed on either island since the 1960s, whereas new species
continue to accumulate on Cuba (30).
Elucidating the role of extinction from molecular phylogenies

is notoriously difficult (41–44). However, among anole lineages
that left present-day descendants, extinction appears to have been
negligible, and our results suggest that the decline in net di-
versification rates on each island has been mediated by declining
speciation rates against a background of very low extinction.
There is no evidence from explicit modeling of extinction rates
(Table 1 and Table S2) or from visual inspection of lineage ac-
cumulation plots (Fig. 2) for substantial species turnover during
the historical occupancy of each island. It is possible that many
species have gone extinct, but the dominant signal is of a tendency
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Fig. 2. Anolis MCC tree with reconstructed island occupancy probabilities and lineage accumulation curves for Cuba (red), Hispaniola (blue), Jamaica
(purple), and Puerto Rico (orange). Occupancy probabilities on internal nodes were estimated under the overall best-fit model (IslandVariable). The MCC tree
with all taxon labels is shown in Fig. S1.

2.2 2.3 2.4 2.5

5

6

7

8

9

(Log) Island area

R
at

e 
de

cl
in

e 
pa

ra
m

et
er

Fig. 3. Island-specific rate-decline parameters as a function of island area for
(from left to right) Puerto Rico, Jamaica, Hispaniola, and Cuba. The rate de-
cline parameter is the slope of the relationship between speciation and time
(−λ0/K). Confidence intervals reflect uncertainty in tree reconstruction and
represent the 0.025 and 0.975 percentiles of the distribution of parameter
estimates taken across the posterior distribution of trees sampledwith BEAST.
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Program Main developers Methods

TreePar (R) T. Stadler Speciation and extinction rates through time

RPANDA (R) H. Morlon Speciation and extinction rates through time

TESS (R) S. Hoehna, B. Moore Speciation and extinction rates through time

DDD (R) R. Etienne Speciation and extinction rates under diversity 
dependence

Medusa (R) M. Alfaro Speciation and extinction rates across clades

BayesRate (Python) D. Silvestro Speciation and extinction rates across clades

BAMM (C++, R) D. Rabosky Speciation and extinction rates across clades 
(and through time)

RevBayes (C++) D. Hoehna, M. Landis, T. 
Heath, J. Huelsenbeck

Speciation and extinction rates through time, 
fossilized birth-death models 

diversiTree (R) R. G. Fitzjohn Trait-dependent speciation and extinction rates

Non-exhaustive list of software implementing phylogenetic BD model



Daniele Silvestro 2019 35

Complete evolutionary history

4 3
Time (Ma)

2 1 0

Phylogeny of extant species

4 3
Time (Ma)

2 1 0

Fossil record

4 3
Time (Ma)

2 1 0

Diversification dynamics

4 3
Time (Ma)

2 1 0
0

0.2

0.4 Speciation rates
Extinction rates

Ideally fossils and phylogenies should tell the same story



Daniele Silvestro 2019 36

Calls for integration of phylogenetic and fossil data – trait evolution
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Diversity in time and space:
wanted dead and alive
Susanne A. Fritz1*, Jan Schnitzler1,2*, Jussi T. Eronen1,3*, Christian Hof1*,
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1 Biodiversity and Climate Research Centre (BiK-F) and Senckenberg Gesellschaft für Naturforschung, Senckenberganlage 25,
60325 Frankfurt, Germany
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Current patterns of biological diversity are influenced by
both historical and present-day factors, yet research in
ecology and evolution is largely split between paleonto-
logical and neontological studies. Responding to recent
calls for integration, we provide a conceptual framework
that capitalizes on data and methods from both disci-
plines to investigate fundamental processes. We high-
light the opportunities arising from a combined approach
with four examples: (i) which mechanisms generate spa-
tial and temporal variation in diversity; (ii) how traits
evolve; (iii) what determines the temporal dynamics of
geographical ranges and ecological niches; and (iv) how
species–environment and biotic interactions shape com-
munity structure. Our framework provides conceptual
guidelines for combining paleontological and neontolo-
gical perspectives to unravel the fundamental processes
shaping life on Earth.

A split between disciplines
Present-day patterns of biological diversity are strongly
influenced by mechanisms that have acted over past time
periods and that underlie the appearance of new species,
their evolution, and ultimately their extinction. Although
neontological research (see Glossary) increasingly
acknowledges past influences [1,2], these studies typically
do not consider how assemblage structure, phylogenetic
patterns, and trait variation of species in fossil communi-
ties might modify or support current understanding [3,4].
In contrast, paleontological research has focused on the
ecology and evolution of prehistoric taxa and their commu-
nities and has often overlooked contemporary diversity
patterns and newly developed methodologies to deduce
processes from these patterns [5,6]. Originally, paleontol-
ogy was an essential component of the ‘Modern Synthesis’
of evolutionary biology [7] and much neontological work
goes back to macroevolutionary concepts developed by
paleontologists [8,9]. Since the time of the Modern Synthe-
sis, increasingly separate societies and specialist journals,
growing numbers of researchers and publications, and

differences in data sources have led to the current split
between disciplines. It is increasingly recognized that
researchers striving to understand the mechanisms under-
lying diversity need to formally reintegrate neontological
and paleontological perspectives [3,4,6,10,11].

The challenge: common questions but separate data
and approaches
Both neontological and paleontological researchers aim to
understand the same fundamental processes that gener-
ate and maintain diversity in time and space, such as
speciation and extinction [3,12]. Neontological studies
usually try to infer the processes leading to contemporary
patterns, such as the evolution of current trait variation
[13], factors determining geographical ranges or ecological
niches of species [14], or processes leading to regional
differences in species richness [1]. Similarly, paleontolo-
gists try to establish links between the history of life and
environmental change in both shallow and deep time; for
example, by investigating evolutionary radiations [15],

Opinion

Glossary

Biotic interactions: direct or indirect interactions between individuals of the
same or different species; for example, competition, predation, parasitism, and
mutualism.
Environmental filtering: the process by which properties of the (abiotic)
environment exclude individuals or species with specific ecological, behavior-
al, or morphological traits from local assemblages.
Fundamental niche: all abiotic and biotic conditions where individuals of a
species can persist and reproduce.
Lineage-through-time plot: a plot of the temporal accumulation of lineages,
usually the log-transformed number of lineages in a phylogenetic tree against
time.
Neontological research: studies on the ecology and evolution of present-day
taxa, their communities, and their environments.
Paleoenvironmental proxies: any type of measurable entity that can be used to
infer paleoenvironmental conditions; for example, plant fossil or pollen
occurrences as a proxy for temperature and precipitation.
Paleontological research: studies on the ecology and evolution of prehistoric
taxa, their communities, and their environments over short and long
geological timescales (‘shallow time’ and ‘deep time’).
Realized niche: the abiotic and biotic conditions where individuals of a species
occur, given real-world constraints by biotic interactions, limited dispersal
ability, and the finite extent of realized environmental space.
Species distribution models (SDMs): statistical models that relate the
geographical occurrence of species to the environmental conditions found at
these points.
Trait lability: the degree to which trait values change within a lineage through
time or between lineages.0169-5347/$ – see front matter
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Unifying fossils and phylogenies for comparative
analyses of diversification and trait evolution
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Summary

1. The aim ofmacroevolutionary research is to understand pattern and process in phenotypic evolution and line-

age diversification at and above the species level. Historically, this kind of research has been tackled separately

by palaeontologists, using the fossil record, and by evolutionary biologists, using phylogenetic comparative

methods.

2. Although both approaches have strengths, researchers gain most power to understand macroevolution when

data from living and fossil species are analysed together in a phylogenetic framework. This merger sets up a series

of challenges – for many fossil clades, well-resolved phylogenies based on morphological data are not available,

while placing fossils into phylogenies of extant taxa and determining their branching times is equally challenging.

Once methods for building such trees are available, modelling phenotypic and lineage diversification using

combined data presents its own set of challenges.

3. The five papers in this Special Feature tackle a disparate range of topics in macroevolutionary research, from

time calibration of trees to modelling phenotypic evolution. All are united, however, in implementing novel

phylogenetic approaches to understandmacroevolutionary pattern and process in or using the fossil record. This

Special Feature highlights the benefits that may be reaped by integrating data from living and extinct species and,

we hope, will spur further integrative work by empiricists and theoreticians from both sides of the

macroevolutionary divide.

Key-words: macroevolution, palaeontology, phylogenetic comparativemethods, systematics

Introduction

Macroevolution is evolutionary change occurring at or above

the species level (Stanley 1979). As implied by this broad

definition, the study of macroevolution encompasses a range

of evolutionary processes, including phenotypic change

through time in a single lineage, speciation and extinction

patterns in clades, and modes of phenotypic evolution

during adaptive radiations. For many years, studies of

macroevolution have lived in two distinct realms.

Palaeontologists have used direct evidence from fossils to

uncover long-term patterns in trait evolution and species

diversification over geologic time-scales. At the same time,

neontologists have used phylogenetic trees and statistical

comparative methods to ask similar questions about the tempo

and mode of trait evolution and diversification through time.

Although there has always been some cross-talk between these

two subfields (discussed below), the methodologies and some

of the core questions addressed by palaeontologists and

neontologists often differ. These differences have impeded

progress in understanding the pattern and process of evolution

over very long time-scales.

A few studies have successfully bridged the gap between

macroevolutionary studies that use fossils and those that use

phylogenetic trees. One approach is to apply statistical

comparative methods to data that includes fossil taxa. This

approach has a long history (e.g. Gingerich 1983, 1993;

Cheetham 1986, 1987; Alroy 1998, 1999; Hunt 2006), but can

be difficult, especially sincemostmodern comparativemethods

require phylogenetic trees with branch lengths and good sam-

pling at the species level. Another approach is to include fossil

information in comparative analyses across phylogenetic trees

of living species (Finarelli & Flynn 2006; Albert et al. 2009;

Pyron & Burbrink 2012; Slater et al. 2012). Both of these

approaches have great potential to add to our understanding

of macroevolution in a way that spans both living and extinct

taxa.

In this Special Feature, we have gathered a set of papers that

seek to continue the merger of phylogenetic comparative

methods and palaeontology. These papers are drawn primarily*Correspondence author. E-mail: SlaterG@si.edu

© 2013 The Authors. Methods in Ecology and Evolution © 2013 British Ecological Society
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Fossils matter – understanding modes and rates
of trait evolution in Musteloidea (Carnivora)

Jan Schnitzler1,2*, Christina Theis2,3*, P. David Polly4 and Jussi T. Eronen5,6

1Institute of Biology, Leipzig University, Leipzig, Germany, 2Senckenberg Biodiversity and
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ABSTRACT

Background: Patterns of change in ecomorphological traits have traditionally been studied
using data from the fossil record. Recent advances in molecular phylogenetics created new
opportunities for inferring ancestral character states and estimating the modes and rates of trait
evolution from phylogenetic hypotheses of extant organisms. However, without fossil taxa
useful information is potentially discarded and, in the worst case, results from extant taxa only
may be misleading, in particular if extinction rates have been high and directional selection has
acted.

Question: How does the integration of fossil information affect our understanding of macro-
evolutionary dynamics?

Organisms: Extant species of the superfamily Musteloidea (Carnivora – weasels and allies);
extinct lineages of this clade (c. 30 to 2 Ma) sampled predominantly throughout the northern
hemisphere.

Experiments: We focus on the evolutionary dynamics of carnivoran ecometric traits (three
index ratios associated with locomotor habit and posture calculated from the osteological
measurements), and we highlight the impact of using extant-only phylogenies versus integrated
analyses when evaluating modes and rates of trait evolution.

Methods: We integrated extinct taxa into a molecular phylogeny of the extant species based
on taxonomic knowledge (association with a particular family/subfamily) and sampling from
the estimated times of speciation and extinction of each fossil lineage. We repeated the pro-
cedure for each of 500 trees from the posterior distribution of a Bayesian phylogenetic analysis.
We compared the fit of different macroevolutionary models (Brownian motion, Ornstein-
Uhlenbeck, accelerating/decelerating evolution, and Brownian motion with a directional trend)
for all trees (with and without fossils), using AIC regression.

Results: The integration of fossil data into the analyses of trait evolution significantly
affected model selection, evolutionary rates, as well as estimated trait values at the root of the
phylogeny. In the case of the metatarsal III-to-femur ratio, the integrated analyses provided
strong support for a Trend model, whereas the different macroevolutionary models could
not be distinguished with strong statistical support when only extant taxa were considered.

Correspondence: J. Schnitzler, Institute of Biology, Leipzig University, Johannisallee 21–23, 04103 Leipzig,
Germany. email: jan.schnitzler@uni-leipzig.de
*These authors contributed equally to this study.
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Abstract
With proliferation of molecular phylogenies and advances in statistical mod-
eling, phylogeneticists can now address macroevolutionary questions that
had traditionally been the purview of paleontology. Interest has focused
on three areas at the intersection of phylogenetic and paleontological re-
search: time-scaling phylogenies, understanding trait evolution, and mod-
eling species diversification. Fossil calibrations have long been crucial for
scaling phylogenies to absolute time, but recent advances allow more equal
integration of extinct taxa. Simulation and empirical studies have shown that
fossil data can markedly improve inferences about trait evolution, especially
for models with heterogeneous temporal dynamics and in clades for which
the living forms are unrepresentative remnants of their larger clade. Recent
years have also seen a productive cross-disciplinary conversation about the
nature and uncertainties of inferring diversification dynamics. Challenges
remain, but the present time represents a flowering of interest in integrating
these two views on the history of life.
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Calls for integration of phylogenetic and fossil data – diversification rates

Rabosky 2014 PLoS One Quental and Marshall 2010 TREE
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Diversity dynamics: molecular
phylogenies need the fossil record
Tiago B. Quental and Charles R. Marshall

Museum of Paleontology and Department of Integrative Biology, University of California at Berkeley, Berkeley, CA 94720, USA

Over the last two decades, new tools in the analysis
of molecular phylogenies have enabled study of the
diversification dynamics of living clades in the absence
of information about extinct lineages. However, compu-
ter simulations and the fossil record show that the
inability to access extinct lineages severely limits the
inferences that can be drawn from molecular phyloge-
nies. It appears that molecular phylogenies can tell us
only when there have been changes in diversification
rates, but are blind to the true diversity trajectories and
rates of origination and extinction that have led to the
species that are alive today. We need to embrace the
fossil record if we want to fully understand the diversity
dynamics of the living biota.

Molecular phylogenies and rates of diversification
Understanding the patterns and processes of diversifica-
tion has long been of interest to paleontologists as we use
the fossil record to document biodiversity change through
time [1]. However, interest in diversity dynamics among
biologists and the greater public has grown, particularly as
we become aware of the impact of humans on the bio-
sphere. Among biologists, the study of biodiversity
dynamics was invigorated by the proposal that the rates
and processes of diversification could be inferred from
molecular phylogenies. This is particularly important
given that many taxonomic groups have poor-to-non-
existent fossil records [2]. In particular, the pioneering
contributions of Nee et al. [3–5] and Harvey et al. [6]
provided methods for detecting mass extinction events
and for estimating speciation and extinction rates from
molecular phylogenies despite the absence of the extinct
species (but see [7] and [8]). This work was presaged by
Thompson [9], and there were also parallel efforts by Hey
[10] andYang andRannala [11]. In 2000, Pybus andHarvey
[12]widened the scope of enquiry by shifting attention to the
patterns and, through them, the processes of diversification.
This line of research continues to be valued bybiologists and
new approaches continue to be developed [13,14]. In this
contribution, we will discuss how our inferences about the
pattern and processes of diversification change when we
have direct access to extinct species.

Describing patterns and inferring processes from
molecular phylogenies
To study patterns of diversification, Pybus andHarvey [12]
introduced the g statistic (Box 1). This is a simple tool for

determining if a molecular phylogeny is consistent with a
constant rate of diversification, or if there has been a
decrease in the diversification rate (inferred when molecu-
lar phylogenies have significantly negative g values).
There is now a sizeable literature which indicates
that many clades have decreasing diversification rates
[12,15–17], in fact for about half of the 160 well-sampled
phylogenies analyzed [15]. Considerable attention is now
focused on exploring the implications of these findings for
the evolutionary and ecological mechanisms responsible

Opinion

Glossary

Boundary-crosser method: used to estimate the diversity at the boundary of
adjacent geological time intervals by counting the number of taxa that must
have crossed the boundary because they are known before and after it. This
method has the desirable property of assuring the co-existence of taxa.
Chronogram: a phylogeny with branch lengths adjusted so that they are
proportional to absolute time. Also known as a ‘time tree’.
Crown group: a monophyletic clade that contains all extant members of the
clade in addition to its last common ancestor and all of its descendants, both
living and extinct.
Diversification rate: the rate of origination (speciation, l) minus the rate of
extinction (m): (l – m).
Diversity trajectory: a curve that portrays the number of species through time.
It permits one to see if a given clade was diversifying or declining.
Equilibrium diversity: assuming diversity-dependent diversification, the ex-
pected number of taxa when the speciation and extinction rates are balanced,
i.e. when the net diversification rate is zero.
Frequency ratio (FreqRat): statistical method used to measure the incomplete-
ness of the fossil record by estimating the sampling probabilities per unit time
(r) using the frequency of taxa that have stratigraphic ranges of one (ƒ1), two
(ƒ2) or three (ƒ3) time intervals: r = (ƒ2)2/(ƒ1)(ƒ3).
g statistic: a statistic that describes the center of mass for the nodes in a
chronogram compared with the expected center of mass under a pure birth
model. Nodes concentrated towards the base of a tree indicate a decrease in
diversification rates, yielding negative g values.
LiMe ratio: the ratio of the initial speciation rate (Lambda initial) and the
extinction rate at equilibrium (Mu equilibrium). It assumes the existence of
diversity equilibrium and, along with the size of the clade, and where the clade
happens to be in its diversity trajectory, it plays a major part in determining the
shape of the phylogeny.
Logistic growth: in the context of diversity dynamics describes the accumula-
tion of species where the growth is initially exponential but as diversity
accumulates the rate of species accumulation decreases, leading to a diversity
plateau (the equilibrium diversity).
Net diversification rate: the average diversification rate needed to account for
the diversity of a clade at any point in time. The actual diversification rates
experienced by the clade might have been very different from this retro-
spective average rate.
Paleobiology Database: worldwide database of fossil collections. It provides
taxonomic, geographic, stratigraphic, taphonomic, environmental, and collect-
ing data, as well as providing analysis tools (http://paleodb.org).
Sampled in bin (SIB) method: method used to estimate diversity by counting
the number of taxa within each geological time interval. Has the desirable
property of being amenable to corrections of the incompleteness of the fossil
record, but will typically overestimate the total diversity unless the time
intervals are short with respect to the longevity of the taxa studied.
Stem group: Extinct taxa that lie phylogenetically between the last common
ancestor of the living species of a clade (the crown group), and the nearest
living relatives of that clade.

Corresponding author: Marshall, C.R. (crmarshall@berkeley.edu).
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Building phylogenetic trees with fossils (2012–today) 

Combining molecular and morphological data
(molecular and morphological clocks)

Ronquist et al. 2012 Syst Biol

Molecular matrix
     66 extant taxa
     7 genes
     ~5kb

Morphological matrix
     61 extant taxa
     343 characters 
     (77% complete)

Morphological matrix
     45 fossil taxa
     343 characters 
     (12% complete)

Combined matrix
     113 extant and 
     fossil taxa

Total-evidence analysis

Heath et al. 2014; Gavryushkina 2016 Syst Biol

The process begins at the time of origin torw0 measured in time
units before the present. Moving towards the present, each existing
lineage bifurcates or goes extinct according to two independent
Poisson processes with constant rates l and m, respectively.
Concurrently, each lineage is sampled with Poisson rate y and is
removed from the process at sampling with probability r. The
process is stopped at time 0. This process can be used to model the
transmission of infectious disease and we call it the transmission
birth-death process.

The transmission process involves sampling individuals and
produces trees that have degree two nodes corresponding to
sampling events when a lineage was sampled but was not removed.
We call these trees sampled ancestor trees (whether or not any
sampled ancestors are present). The reconstructed tree has degree-
two nodes when a lineage is sampled but not removed and then it,
or a descendent lineage, is sampled again. The reconstructed tree
in Figure 1 (on the right) is an example of a sampled ancestor tree.
Note that the root of a sampled ancestor tree is the most recent
common ancestor of the sampled nodes and therefore it may be a
sampled node. There is no origin node in the tree because the time
of origin is a model parameter and not an outcome of the process.

A tree (or genealogy) g consists of the discrete component T ,
which is called a tree topology, and the continuous component !tt,
which is called a time vector. The tree topology of a sampled
ancestor tree is a sampled ancestor phylogenetic tree, which is a
ranked labeled phylogenetic tree with labeled degree-two vertices
(a rigorous definition of a sampled ancestor phylogenetic tree can
be found in [11], where it is called an FRS tree). The time vector is
a real-valued vector of the same dimension as the number of ranks
(nodes) in the tree topology and with coordinates going in the
descending order so that each node in the tree topology can be
unambiguously assigned a time from the time vector.

Further, we have three types of nodes: bifurcation nodes,
sampled tip nodes, sampled internal nodes. Let m be the number

of leaves, then m{1 is the number of bifurcation events. Let
!xx~(x1, . . . ,xm{1) be a vector of bifurcation times, where
xm{1v . . . vx1. Let !yy~(y1, . . . ,ym) be a vector of tip times,
where ymv . . . vy1. Further let !zz~(z1, . . . ,zk) be a vector
of times of sampled two degree nodes, where zkv . . . vz1 and
k is the number of such nodes. Then !tt can be obtained
by combining elements of !xx, !yy, and !zz and ordering them in the
descending order (see also Figure 1). A genealogy may be written
as (T ,!xx,!yy,!zz).

Stadler et al. [15] derived the density of a genealogy
g ~(T ,!xx,!yy,!zz) given the transmission birth-death process parame-
ters l,m,y,r and time of origin tor. In [21], it was indicated that we
should also condition on the event, S, of sampling at least one
individual because only non-empty samples are observed. The
density is

f ½g Dl,m,y,r,tor,S"~
1

(mzk)!

(y(1{r))kq(tor)

1{p0(tor)
P

m{1

i~1
2lq(xi)

P
m

i~1

y(rz(1{r)p0(yi))

q(yi)
,

ð1Þ

where the function p0(x) is the probability that an individual has
no sampled descendants for a time span of length x so that

p0(x)~

lzmzyzc1
e{c1x(1{c2){(1zc2)

e{c1x(1{c2)z(1zc2)

2l

where

c1~D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(l{m{y)2z4ly

q
D, c2~{

l{m{y

c1

Figure 1. Full tree versus reconstructed tree. A full tree produced by the sampled ancestor birth-death process on the left and a reconstructed
tree on the right. The sampled nodes are indicated by dots labeled by letters A through H. Nodes A, B and D are sampled ancestors. The
reconstructed tree is represented by a sampled ancestor tree g ~(T ,(x1,x2,x3,x4,y1,z1,z2)), where T denotes the ranked tree topology and !xx, !yy, and !zz
denote the node ages. In the reconstructed tree the root is a sampled node. In the skyline model, birth-death parameters vary from interval to
interval. There are two intervals in this figure bounded by the time of origin t0 , parameter shift time t1 , and present time t2 . Between t0 and t1

parameters l1, m1 , y1 and r1 apply and between t1 and t2 parameters l2 , m2 , y2 , and r2 . There are additional sampling attempts at times t1 and t2 with
sampling probabilities r1 and r2.
doi:10.1371/journal.pcbi.1003919.g001

Bayesian Inference of Sampled Ancestor Trees
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The fossilized birth-death process
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FIGURE 3. An MSACC tree for the total-evidence analysis. The numbers at the bases of clades show the posterior probabilities of the clades. The filled circles represent sampled ancestors.
Fossils with positive evidence of being sampled ancestors are shown in red (gray in printed version). Fossils Paraptenodytes antarcticus and Palaeospheniscus patagonicus both appear around
the same time and have the same prior probabilities of 0.42 of being sampled ancestors but the morphological data provides positive evidence for the former to belong to a terminal lineage
and for the latter to be a sampled ancestor. Penguin reconstructions used with permission from the artists: fossil species by Stephanie Abramowicz and extant penguin species by Barbara
Harmon.
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Speciation and extinction rates from phylogenies with fossils
Fossilized birth-death process

−0.0024

0.043

0.088

0.14

Net diversification rate
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Inferring trait evolution from phylogenies with fossils

TEJEDOR & NOVO388

(2005a, b) apoyando el status pitecino de Soriacebus 
y, por ende, posteriormente a Mazzonicebus (Novo et 
al., en revisión).

Kramarz et al. (2012) reportaron dos especímenes 
dentarios de primates para la Formación Cerro 
Bandera, provincia del Neuquén. La relevancia reside 
en que posiblemente se trate de los más antiguos 
registros patagónicos, ya que están asociados a 
faunas con características mixtas entre las edades 
Deseadense y Colhuehuapense, ambas del Mioceno 
inferior.

En sedimentos del Mioceno temprano-tardío 
de la Formación Pinturas (noroeste de la provincia 
de Santa Cruz), además de las dos especies del 
mencionado Soriacebus, se registraron dos especies 
del género Carlocebus (ver Novo & Fleagle, 2015 y 
literatura allí citada). Carlocebus se asemeja a Homunculus en la morfología dentaria, 
por lo tanto, junto con Callicebus, dadas sus similitudes dentarias, pertenecerían 
a un mismo clado monofilético. Adicionalmente, y posiblemente perteneciente a 
este mismo grupo, está siendo descripto un nuevo género para Pinturas (Tejedor 
et al., 2012, Tejedor et al., en prep.). Killikaike es el género de primate no humano 
más austral descripto hasta el momento (Fig. 2), procedente de Killik Aike Norte, 
en la provincia de Santa Cruz (Mioceno temprano-tardío; Formación Santa Cruz) 
(Tejedor et al., 2006). El holotipo consta de un cráneo parcial que presenta un tabique 
interorbitario estrecho y órbitas similares a Dolichocebus y al actual Saimiri, lo cual 
llevó a pensar en posibles afinidades filogenéticas con los cebinos; el frontal es elevado y 
convexo, sugiriendo un mayor desarrollo del encéfalo anterior, característico también 
de los cebinos. El volumen del cerebro anterior de Killikaike se acerca a la media de 
Saimiri, uno de los platirrinos con mayor tamaño del cerebro anterior en relación 
al peso corporal (Tejedor et al., 2006); esto implicaría la primera evidencia de un 
aumento dramático del tamaño cerebral proporcional al peso corporal en primates, 
solo comparable a los actuales cebinos o los homininos primitivos.

Proteropithecia neuquenensis  (Mioceno medio; 15,7 Ma), de la localidad de 
Cañadón del Tordillo, Neuquén (Pardiñas, 1991; Kay et al., 1998), es hasta ahora 
el registro más moderno de platirrinos patagónicos. Se conocen pocos dientes 
aislados con afinidades claras con los Pitheciinae, siendo Proteropithecia el único 
representante patagónico considerado sin controversias dentro del crown Platyrrhini 
(ver Kay et al., 2008; Kay, 2013). 

Chilecebus procede del Mioceno inferior de la Formación Abanico, en Chile 
central, datado en unos 20 Ma. (Flynn et al., 1995). El único espécimen asignado a 
Chilecebus es un cráneo casi completo, preservando la dentición superior con  molares 
proporcionalmente grandes comparados con el tamaño del cráneo y del paladar, algo 
inusual en todos los platirrinos conocidos. 

Más al sur en Chile, Tejedor (2003) reportó un astrágalo de primate en Alto 
Río Cisnes, Aisén (Mioceno medio), con semejanzas con Carlocebus, de Formación 
Pinturas. Recientemente, se reportó otro hallazgo de primates provenientes de esta 
misma localidad, correspondiente a un fragmento mandibular de posibles afinidades 
con los cebinos, así como un premolar aislado (Bobe et al., 2015).

El registro fósil de platirrinos extra-patagónicos es también relativamente 
abundante y diverso, y presenta características anatómicas más modernas (tales 
como ciertos primates del Mioceno medio de La Venta, Colombia, con un registro de 
11 géneros de los cuales se anticipan claramente los actuales alouatinos, cebinos y 

Figura 2. Holotipo de Killikaike 
blakei, del Mioceno inferior (16,5 
Ma) de Santa Cruz. Escala: 10 mm.
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4. Discussion
A general difficulty, faced by both palaeontologists and biol-
ogists, in attempting to tie qualitative morphological patterns
to macroevolutionary process is that multiple explanations

often predict the same general outcome [45]. The mysticete
fossil record qualitatively suggests a recent emergence for
gigantism, and a number of compelling hypotheses have
been advanced to explain this pattern, including a response
to the evolution of macropredators [1,13], increases in coastal
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Figure 2. The phylogenetic distribution of large body size is young. A reconstruction of body length evolution under a simple Brownian motion model shows that
large (more than 10 m) body size evolved independently in the bowhead (Balaena) and right (Eubalaena) whales, several lineages of Balaenoptera, and though not
as pronounced, in the grey whale (Eschrichtius). The extant pygmy right whale Caperea is also large relative to its cetotheriid relatives.
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Complete evolutionary history
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Phylogeny of extant species
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Diversification dynamics
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0.4 Speciation rates
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Ideally fossils and phylogenies should tell the same story
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Why are fossil-based and phylogenetic rate estimates almost always different?

speciation rates
extinction rates

Estimated mean longevity of carnivore species

fossil estimate: 
2.1 Myr

phylogenetic 
estimate: 7 Myr

Hagen et al. 2017 Syst Biol
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Phylogeny of extant species

4 3
Time (Ma)

2 1 0

Fossil record

4 3
Time (Ma)
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Maybe “integrating” fossils and phylogenies is like concatenating genes ignoring 
discordance among gene trees 
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Fossils and phylogenies are the result of the same 
evolutionary history ⛏

🤔
There are no obvious theoretical flaws to explain the 
discrepancy 

speciation rates
extinction rates

Why are fossil-based and phylogenetic rate estimates almost always different?
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How many speciation and extinction events?
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Foote 1996 Paleobiology; Ezard et al. 2012 Biol Lett

Different species concepts and speciation modes change how we interpret speciation and 
extinction rates

Budding speciation Anagenetic speciationBifurcation

1 speciation 

1 speciation 

2 speciations, 1 extinction

1 speciation 

1 speciation, 1 extinction 

No events
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fossil estimatesphylogenetic estimates

Are fossil and phylogenetic rate estimates expected 
to be equal?

Increasing levels of speciation by bifurcation or anagenesis 

0

1

2

0 1 2 3
Speciation rate

Ex
tin

ct
io

n 
ra

te

0

1

2

0 1 2 3
Speciation rate

Ex
tin

ct
io

n 
ra

te

  

0

1

2

0 1 2 3
Speciation rate

Ex
tin

ct
io

n 
ra

te

T StadlerR Warnock A Gavryushkina



Daniele Silvestro 2019 49

Predicting the discrepancy between phylogenetic and fossil rate estimates

Introducing the birth-death chrono-species model

fossil rates phylogenetic rates
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Introducing the birth-death chrono-species model

speciation rates
extinction rates

Rate differences are compatible with the BDC model

Silvestro et al. 2018, Nature Comm
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Allowing for rate variation: The BDC skyline model 
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For a long time paleo- and neo- evolutionary biologists have happily 
ignored one another

Cope’s Rule and the Dynamics of Body Mass
Evolution in North American Fossil Mammals

John Alroy

Body mass estimates for 1534 North American fossil mammal species show that new
species are on average 9.1% larger than older species in the same genera. This within-
lineage effect is not a sampling bias. It persists throughout the Cenozoic, accounting for
the gradual overall increase in average mass (Cope’s rule). The effect is stronger for larger
mammals, being near zero for small mammals. This variation partially explains the
unwavering lower size limit and the gradually expanding mid-sized gap, but not the
sudden large increase in the upper size limit, at the Cretaceous-Tertiary boundary.

Shortly after Cope described the first im-
portant Paleocene faunas from North

America, he realized that the average size of

mammals has increased dramatically during

the Cenozoic (1). He attributed this pattern

to a tendency for new groups to evolve at

small sizes, combined with a persistent in-
nate drive toward larger size. The idea that

evolutionary increases in body size are com-
mon has been recast in more Darwinian

terms and termed “Cope’s rule.” Despite a

long history of research (2), most modern

studies have found little evidence to sup-
port this rule (3–5), dismissed it as context-
dependent (6), or explained it with the

statistical argument that means will rise

passively as a group founded by small spe-
cies diffuses through a bounded morpho-
space (7–12). Even actively driven trends

have been attributed to convergence on an

optimal body size, not to a general tendency

toward size increase (7, 8). Here I show that

there is an active within-lineage trend

in the fossil record of North American

mammals that is consistent with Cope’s

prediction.

Earlier studies of Cope’s rule have fo-
cused on short-term trends (3, 5, 8), ana-
lyzed small sets of species (3, 4, 6, 8), dis-
covered patterns to be sampling biases (9),

or failed to make direct comparisons of

potential ancestor-descendant species pairs

(5, 10, 11). However, direct comparisons

make it possible to distinguish within-lin-
eage processes (for example, selection) from

among-lineage processes (for example, dif-
ferential extinction or origination), two fac-
tors that have been conflated in earlier

analyses of the overall size ranges of indi-
vidual clades (5) or of clade-subclade pairs

(11).

I analyzed species ranging in age from

Campanian (late Cretaceous) to late Pleis-
tocene by using generic assignment and rel-
ative age as indicators of potential ancestor-
descendant relationships. This is not a very

robust phylogenetic method. But, as dis-
cussed below, it is highly conservative, sim-
ilar to more sophisticated methods that are

widely accepted, and based on seemingly

uncontroversial assumptions. Furthermore,

a specially designed bootstrapping test

shows that the main result could not have

been obtained unless the species-to-species

comparisons did contain a large amount of

phylogenetic signal.

Studying body mass trends requires not

just an approximate phylogeny but both

robust mass estimates and precise dates of

first and last appearance (Fig. 1). The mass

estimates were based on published lower

first molar (m
1
) measurements, which have

been related precisely to body mass in living

mammals (13–17). Data were available for

1534 species, represented by 15,281 mea-
sured specimens from 2875 fossil popula-
tions. The data encompass those of some

earlier studies (3, 6, 7, 11) but are at least an

order of magnitude more plentiful.

The appearance dates were based on a

recent time-scale analysis (18, 19) of a com-
prehensive faunal database for North

American fossil mammals (18, 20, 21).

These data include 4015 taxonomic lists for

individual fossil localities, which have been

standardized taxonomically by referring to a

companion database that flags 2692 invalid

species names and 1197 invalid genus-spe-
cies combinations. The corrected lists doc-
ument occurrences of 3181 valid species.

Instead of using the traditional system of

North American land mammal ages, I con-
verted the raw data directly into numerical

age-range estimates by subjecting the lists

to multivariate ordination and calibrated

the results to numerical time using 152

independent estimates of geochronological

age (21).

For each new species, one potential an-
cestor was selected from the other species in

the same genus that appeared before it did.

If some of these older species were still

extant at this time, one was selected at

random; if not, then the older species that

last went extinct was selected. Like several

new methods that incorporate temporal in-
formation into phylogenetics (22), this pro-
cedure tends to minimize the number of

implied ghost lineages. In order to test for

trends, the difference in log body mass was

computed for each older-younger species

pair. This is similar to the widely used phy-
logenetic contrast procedure (23), in which

measured characters are transformed into

differences between putative sister species.

Admittedly, the proxy ancestor method

does not directly examine character data

and therefore is oversimplistic and error

prone. However, its assumptions are justi-
fied. First, because the mammalian fossil

record is well sampled, ancestor-descendant

species should be observed with great fre-
quency regardless of the assumed evolution-
ary model (24). Second, there is a correla-
tion of age rank and clade rank in many

mammalian groups (25): The relative ages

of fossil species do correspond with the

relative sequences of evolutionary splitting

implied by phylogenies. Third, errors in

identifying ancestor-descendant pairs will

push the average size difference toward zero,

which should obscure anything less than

the strongest within-lineage trends. There

are many possible errors: Older species

might be closely related but not directly
Department of Paleobiology, Smithsonian Institution,
MRC 121, Washington, DC 20560, USA.

Fig. 1. Temporal distribution of Cenozoic mam-
malian species across the body mass spectrum.
Age ranges were based on a multivariate ordina-
tion of faunal lists (18–21). Mass estimates were
computed with the use of published regression
coefficients for mass against m1 length ! width
[Carnivora, Insectivora, Primates, and Rodentia
(13)] or against m1 length [Artiodactyla and Peris-
sodactyla (14)]. Coefficients for Primates were
also used for Plesiadapiformes (15); coefficients
for Carnivora were also used for Mesonychia (16).
Proboscidean m1’s are rarely described, and their
lower cheek teeth all are relatively large; mass
estimates based on m2 area measurements and
the all-mammal regression for combined p4-m2
area agreed with earlier literature (17 ). The all-
mammal m1 area regression was used for all re-
maining mammals.
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both scenarios, the existence of diversity-dependent
rates implies that each island (in MacArthur and
Wilson’smodel) or clade (in themacroevolutionary
equivalent of their model) has an equilibrium
diversity, the diversity at which the origination
rate equals the extinction rate. Diversity depen-
dence in origination rates, but not in extinction
rates, has also been reported in Cenozoic North
American mammals [(13), but see (14)].

Third, we unexpectedly find that, during the
decline phase, decreases in the per-genus origi-
nation rate are just as important as increases in the
per-genus extinction rate in driving the observed
diversity losses (Fig. 1). In fact, on average the
initial origination rate is of a similar magnitude to
the final extinction rate, and the final origination
rate is as low as the initial extinction rate (Fig. 2).
Most discussions of clade extinction focus only
on the processes and rates of extinction and sel-
dom consider the possibility that diversity can
also be lost because of a failure to replace extinct
taxa. However, Bambach et al. (15) showed that
the loss in generic diversity in the end-Devonian
and end-Triassic mass extinctions was primarily
driven by a lack of origination. Similarly,VanValen
(3) noted that the decline in generic diversity of
perissodactyl mammals was largely due to a drop
in origination rate. The causes of a failure to
originate, the evolutionary sterility that we call
the Entwives effect (16), are not understood and
require more attention.

Last, on average the overall diversity trajec-
tories were more influenced by changes in orig-
ination rate than by changes in extinction rate

(fig. S6). This disparity is due to the fact that
changes in origination rate dominated the diver-
sification phases of the diversity trajectories (Fig. 1),
whereas changes in origination and extinction
rates contributed equally during the decline phases.
Similarly, Gilinsky and Bambach (17) found that
family diversity within marine orders and sub-
orders was largely driven by changes (decreases)
in family origination rates.

The simplest way of modeling these observed
diversity dynamics is with the macroevolution-
ary equivalent of MacArthur andWilson’s model
(12). However, this model leads to logistic diver-
sification with a stable equilibrium diversity and
thus requires modification to accommodate diver-
sity loss. Whereas Whittaker et al. (18) provides
a qualitative modification of the model that in-
corporates the formation and ultimate demise of
oceanic islands with the extinction of their terres-
trial biotas, we quantitatively extendedMacArthur
and Wilson’s framework to incorporate loss to
the Red Queen by adding in a temporal decay
in the intrinsic diversification rate, the diversi-
fication rate at the inception of the clade. We
achieved this by decreasing the intrinsic origina-
tion rate and increasing the intrinsic extinction
rate at constant rates with time (10), which trans-
lates into a constant rate of decay in the expected
equilibrium diversity (Fig. 3 and eq. S13). Thus,
under this model the expected equilibrium diver-
sity steadily decays to zero and then becomes in-
creasingly negative, driving the clade to extinction.

We began with a slow rate of decay in the
intrinsic diversification rate (from 0.03% to 0.3%

Fig. 2. Origination rates decrease and extinction rates increase as the mammalian clades age.
There is a significant and roughly equal change in the average per-genus origination (A) and the
average per-genus extinction (B) rates between the diversity-rise and the diversity-decline phases across
the 19 families analyzed. Each pair of values corresponds to one of the analyzed families. For
origination, N = 19, V = 184, P = 0.000053, Wilcoxon rank paired test; for extinction, N = 19, V = 25,
P = 0.0033, Wilcoxon rank paired test. The crosses in the legend identify extinct clades. LMY, lineage
million years.

Fig. 3. Howa clade loses to theRedQueenviaa
decay in its intrinsic per-genus rate of diver-
sification. (A to C) The change of the intrinsic orig-
ination and extinction rates (shown by the arrows); the
decay of the equilibrium diversity (shown by the mov-
ing position of the dashed orange line); and the
realized per-genus origination (blue points) and per-
genus extinction (red points) rates at different times in
its history. (D) The diversity trajectory generated by
the diversity dynamics shown in (A) to (C). Light blue
points show the diversity for the time points shown in
(A) to (C). The graphs depict solution to eqs. S10, S11,
and S17 (10). The running Red Queen symbolizes the
deterioration of the environment. Myr, million years.
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For a long time paleo- and neo- evolutionary biologists have happily 
ignored one another

Models of species speciation and extinction

LETTER RESEARCH

for tropical fishes (P > 0.25 across all classification schemes; Extended 
Data Fig. 7a). A secondary prediction of the filtering hypothesis is 
that high-rate, high-latitude clades should be nested within high-rate 

tropical or deepwater clades. We tested this hypothesis for perciform 
fishes, which account for 66.3% of high-latitude fishes (Extended 
Data Fig. 7b). Perciformes include four of the most-rapidly speciating 
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Fig. 2 | Species richness, temperature and speciation rate in marine 
fishes for individual grid cells. a, Negative relationship between species 
richness and mean speciation rate (λBAMM) for individual grid cells 
(n = 16,150). b, Negative relationship between mean annual sea-surface 
temperature and mean speciation rate for cells. c, Positive relationship 
between regional endemism and mean speciation rate for all species 
occurring in a particular biogeographical province (n = 60 biogeographical  

provinces). Squares and circles denote provinces with latitudinal midpoints  
north and south of the equator, respectively; cell colours denote latitude. 
Point labelled ‘M’ in the lower right of c is the Mediterranean Sea, which is 
characterized by high endemism and low speciation rate. Nearly identical 
results are obtained for λDR and for BAMM analyses that assume time 
constancy within rate regimes (Extended Data Fig. 4).
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Fig. 3 | Latitudinal gradient in per-taxon speciation rate for marine 
fishes. Top, BAMM-estimated speciation rates across phylogenetic tree 
of 5,223 marine fishes for which genetic and geographic range data were 
available. Iconic coral reef clades are indicated with single arc segments; 
double segments denote high-latitude lineages that drive the overall 
fast speciation rate for temperate and polar fishes. Inset box plots show 
the median and interquartile range in distribution of rates (λDR and 
λBAMM) for individual taxa with respect to the centroid midpoint of their 

latitudinal distribution, with species values binned in 10° increments. 
Bottom, phylogenetic niche conservatism in marine fish lineages as 
reflected by the geographical distribution of latitudinal midpoints; each 
point is the centroid midpoint of an individual species, and colours reflect 
corresponding λBAMM estimates. Clades denoted with pink polygons are 
dominant high-latitude fish clades; grey polygons are predominantly  
reef-associated clades. The fish images were created by J. Johnson.
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Now we are seeing an increased integration between paleobiology and 
phylogenetics
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Do we need to re-think the integration between fossils and phylogenies?
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https://github.com/dsilvestro
daniele.silvestro@bioenv.gu.se Swiss Institute of 

Bioinformatics
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Silurian coral reef in Gotland # 
(playing paleontologist with A. Antonelli)

www.transmittingscience.org 

If you are interested in learning more about Bayesian stats

Thank you for listening

http://www.transmittingscience.org

