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The Tree of Life

What are the 
processes 
governing the 
patterns of 
species 
diversity in the 
tree of life?

Open Tree of Life Synthetic Tree from Hinchliff et al. (PNAS 2015)
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Taxonomic Diversity
Relative diversity of extant animals 

We observe 
variation in 
species richness 
across the tree 
of life
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Taxonomic Diversity

Why are there 
~300,000 
Angiosperm 
species and 
only ~1,100 
Gymnosperms?

(figure from Sessa et al. 2014)

https://doi.org/10.1186/2047-217X-3-15
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Taxonomic Diversity

(table from Yule 1924)

https://doi.org/10.1098/rstb.1925.0002
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Taxonomic Diversity
In cetaceans, there was an 
increase in the diversification rate 
over the last 10 My

(Slater et al. 2010)

https://doi.org/10.1098/rspb.2010.0408
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Lineages through Time

One approach to 
understanding patterns of 
cladogenesis over time is 
to plot the accumulation of 
lineages over time

(figures from Harmon 2019, Ch 10)

https://lukejharmon.github.io/pcm/chapter10_birthdeath/
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SARS-CoV-2 Infections Through Time

LTT plots based 
on phylogenies 
of infectious 
disease show 
the number of 
infections over 
time

(based on data from 3 April 2022 on nextstrain.org)

http://nextstrain.org


Macroevolution (BIOL 465X & EEOB 565X) Spring 2022 – Iowa State University

Diversification in Macroevolution

Evolutionary 
radiations 

Mass extinction 

Diversity 
dependence 

Infectious disease 
dynamics

(figure from Losos & Mahler, 2010)

https://cpb-us-w2.wpmucdn.com/sites.wustl.edu/dist/6/1127/files/2020/04/Losos-and-Mahler.-2010.pdf
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Macroevolutionary Questions

What is the average rate of diversification?  

Has the diversification rate rate changed 
over time? 

Do rates of diversification vary among 
branches? 

Are diversification rates correlated with a 
particular morphological trait?
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The Birth-Death Process
At any point in time a 
lineage can speciate 
at rate 𝛌 or go extinct 
with a rate of 𝛍 

Conditions on a 
probability of 
sampling a tip 𝝆, and 
the origin time of the 
process 𝜙

T

λ µδλ δµ

speciation rate extinction rate

exponential exponential

ρ

sampling probability

φ

uniforma

b
origin time

to the phyloCTMCs
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How do rates change over time?

Did mammalian diversification 
rates accelerate after the K/T 
extinction?

(figures from Stadler, 2011)

https://doi.org/10.1073/pnas.1016876108
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How do rates vary among branches?

(figures from Varga et al., 2019)

https://doi.org/10.1038/s41559-019-0834-1
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Lineage-Specific Speciation & Extinction Rates

Estimating rates 
of diversification 
among 
branches is a 
very difficult 
problem 

Many models & 
methods have 
been proposed

(McGuire et al, 2014)

(Jetz et al, 2012)

(Condamine et al, 2016)

(Kissling 2017)

https://doi.org/10.1016/j.cub.2014.03.016
https://www.nature.com/articles/nature11631
https://www.nature.com/articles/srep19208
https://doi.org/10.3897/rio.3.e14944
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Lineage-Specific Speciation & Extinction Rates
Recently, these methods have been the focus of controversy

Inherent issues with these models mean 
that studies must critically evaluate rates 
estimated by these methods

https://doi.org/10.1093/sysbio/syw026
https://doi.org/10.1073/pnas.1518659113
https://doi.org/10.1093/sysbio/syx037
https://www.nature.com/articles/s41586-020-2176-1
https://doi.org/10.1093/sysbio/syab083
https://onlinelibrary.wiley.com/doi/abs/10.1111/evo.13378
https://onlinelibrary.wiley.com/doi/full/10.1111/evo.13566?casa_token=JbasnKriJ_YAAAAA:B3665WY3VpIdjrZW-TDwRHRJLY5UAROSmrfwIT-YjCx4svFYzQqixQUL0bpENK38W5c0gZVtcx-2rePuIg
https://doi.org/10.1111/evo.13605
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Lineage-Specific Speciation & Extinction Rates

https://academic.oup.com/sysbio/article/69/5/973/5762626
https://www.nature.com/articles/s41559-019-0908-0
https://www.biorxiv.org/content/10.1101/555805v1
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What if traits influence diversification?

Most 
diversification 
studies assume 
that character 
evolution and 
diversification are 
independent

(based on slides by Emma Goldberg)
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State-Dependent Diversification

Do traits affect 
diversification rates?

Is the blue clade larger 
because blue is 
associated with higher 
speciation?

(based on slides by Emma Goldberg)
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State-Dependent Diversification
Are evolving traits driving 
rates of speciation and 
extinction?

If a lineage transitions 
from blue to orange does 
its rate of diversification 
decrease?

(based on slides by Emma Goldberg)
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State-Dependent Diversification

(based on slides by Emma Goldberg)

Without detailed information 
about past states and extinct 
species, we need powerful 
phylogenetic methods.
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Problems with Assuming Independence

"Studies of character evolution often assume that a phylogeny’s shape is 
determined independently of the characters, which then evolve as mere 
passengers along the tree’s branches. However, if the characters help 
shape the tree, but this is not considered, biased inferences can result."

(1) If a character affects rates of speciation or extinction, then 
inferences about character-state transitions based on simple 
models can be biased 

(2) If transition rates between character states are asymmetric, 
inferences based on sister-clade comparisons about whether 
a character correlates w/ diversification can be biased 

https://doi.org/10.1111/j.0014-3820.2006.tb00517.x
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Binary-State Speciation & Extinction Model (BiSSE)

BiSSE was the first model introduced to address 
state-dependent diversification 

There are several extensions of this model: 
MuSSE (multi-state discrete traits), QuaSSE 
(continuous traits), GeoSSE (biogeography), 
ClaSSE (cladogenic traits), HiSSE (hidden traits)

https://doi.org/10.1080/10635150701607033
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BiSSE
BiSSE accounts for  

(1) Speciation & 
extinction rates 
associated with 
each state 

(2) Asymmetric 
transition rates 
between states

(based on slides by Emma Goldberg)
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BiSSE

0

1

0

1

0

0

0

Each lineage is 
currently in state 0 or 1 

Each state is 
associated with its own 
speciation and 
extinction rates

(figure from https://revbayes.github.io/tutorials/sse/bisse-intro.html)

https://revbayes.github.io/tutorials/sse/bisse-intro.html
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Binary-State Speciation & Extinction Model (BiSSE)

BiSSE and related models involve a set of ordinary 
differential equations (ODEs) that describe how the 
probability of observing a descendant clade 
changes along a branch in the observed phylogeny.  

Each ODE describes how the probability of 
observing a clade changes through time if it is in a 
particular state over that time period

https://doi.org/10.1080/10635150701607033
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Self-Incompatibility (SI) in Plants
• Most plants are hermaphrodites 
• Complex genetic systems have evolved to reject own 

pollen 
• New SI systems rarely evolve. But SI is frequently lost

(based on slides by Emma Goldberg)
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Self-Incompatibility (SI) in Plants
Does SI affect the rate of speciation?  
We would expect that eventually all plant 
species would be self-compatible (SC) 
But we observe many self-incompatible 
species
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(based on slides by Emma Goldberg)
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Self-Incompatibility (SI) in Plants

BiSSE was 
used to 
address this 
question in 
nightshades

https://doi.org/10.1126/science.1194513
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Self-Incompatibility (SI) in Plants

(based on slides by Emma Goldberg)

https://doi.org/10.1126/science.1194513
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Self-Incompatibility (SI) in Plants
In nightshades, 
species with 
functional SI 
diversify at a 
significantly higher 
rate than SC species 
The apparent short-
term advantages of 
SC individuals are 
offset by species 
selection, which 
favors outcrossing. 

https://doi.org/10.1126/science.1194513


Macroevolution (BIOL 465X & EEOB 565X) Spring 2022 – Iowa State University

Potential Pitfalls

BiSSE has been shown to be prone to falsely 
identifying a positive association when 
diversification rate shifts are correlated with 
a character not included in the model

https://doi.org/10.1093/sysbio/syu070
https://doi.org/10.1093/sysbio/syu131
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Hidden-State Dependent Speciation & Extinction

Incorporating a 2nd, unobserved character can 
reduce the possibility of falsely associating the 
observed character with diversification 
Changes in the unobserved character’s state 
represent background diversification rate shifts 
that are uncorrelated with the observed character

https://doi.org/10.1093/sysbio/syw022
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HiSSE Model

(figure from https://revbayes.github.io/tutorials/sse/hisse.html)

https://revbayes.github.io/tutorials/sse/hisse.html
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Diversification in Diatoms

https://doi.org/10.1111/evo.13877
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Thursday: BiSSE & HiSSE Tutorial

Please read: Harmon (2019), Ch. 13 
-Characters and diversification rates 
https://lukejharmon.github.io/pcm/chapter13_chardiv 

https://lukejharmon.github.io/pcm/chapter13_chardiv/

