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Phylogenetic comparative methods



Comparative methods

The distribution of traits among species
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Example: Decoding Genomes Stadler et al. (2024)


https://www.research-collection.ethz.ch/handle/20.500.11850/664449
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Example: Decoding Genomes Stadler et al. (2024)


https://www.research-collection.ethz.ch/handle/20.500.11850/664449

Phylogenetic comparative methods (PCMs)

A large family of statistical approaches used to study trait evolution that take
into account phylogenetic non-independence

The input is usually a tree, combined with trait data

Examples: tests for phylogenetic signal, phylogenetic PCA (morphometrics),
ancestral state reconstruction, evolutionary model fitting analysis (tempo and
mode), multi-type diversification models (see previous weeks), many more

Can you think of any questions you would ask about trait evolution?



Models of continuous trait evolution




Brownian motion (BM)

A : variance = 0.1
The amount a trait changes over
time is drawn from a normal
distribution with a mean of 0 and i ’ ‘
a variance of 02 B 5 variance = 0.25
Positive numbers cause the trait A O .
to Increase

¢ variance = 1
Negative numbers cause the trait :
to decrease 3 ; 3

PCM Primer Cooper and Freckleton (2026)


https://nhcooper123.github.io/pcm-primer/
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Figure shows a simple example of body /
mass change through time, with > [2-96]-[2_87]
starting value =4 and 062 = 0.25
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https://nhcooper123.github.io/pcm-primer/

Brownian motion

A
100 examples of body mass change g%
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https://nhcooper123.github.io/pcm-primer/

3 examples of body mass change under BM with the same starting value and 3 different values of 02
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We can model BM along a tree

body mass (kQ)
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Ornstein-Uhlenbeck

Model parameters:

35

30

- the rate parameter 02

- the root value

- the rubber band parameter a
- the long term mean (optima)

25

claw size (mm)
20

15

Larger a means the trait evolves
closer to the mean, a closeto 0 is
equivalent to a random walk, i.e., BM
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PCMs require time trees

In theory, we could infer the tree and PCM parameters at the same time (and
sometimes we do), but this computationally tricky — usually we estimate the tree
(topology and times) first

Make sure the method is appropriate for your data and don't over interpret results
Cooper et al. 2016

Fossils help! Simulation show including fossils improves our identify the correct
model of trait evolution Slater et al. 2012, Gearty et al. 2026
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https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/2041-210X.12533
https://onlinelibrary.wiley.com/doi/epdf/10.1111/j.1558-5646.2012.01723.x
https://www.researchgate.net/profile/William-Gearty/publication/382626720_The_impact_of_tip_age_distribution_on_reconstructing_trait_evolution_using_phylogenetic_comparative_methods/links/66a7fac7c6e41359a849ae86/The-impact-of-tip-age-distribution-on-reconstructing-trait-evolution-using-phylogenetic-comparative-methods.pdf

Typical workflow

A. Phylognetic data collection
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Eo Oligocene Miocene Pli | Qu

I——— Mammalodon colliveri ]
Janjucetus hunderi

Morawanocetus yabukii

Chonecetus sookensis

Fucaia goedertorum

Aetiocetus weltoni

Aetiocetus polydentatus

Aetiocetus cotylalveus

Llanocetus denticrenatus —

Micromysticetus rothauseni

Yamatocetus canaliculatus

Eomysticetus whitmorei

— Mauicetus parki

——— Aglaocetus moreni

Aglaocetus patulus

Thinocetus arthritus

Diorocetus hiatus

Morenocetus parvus

'r Peripolocetus vexillifer

—= Balaenula astensis

Balaenella brachyrhynus
Eubalaena shinshuensis
crown Balaenidae \/
Isanacetus laticephalus

Balaena ricei
Balaena mysticetus
Balaena montalionis
Eubalaena belgica
Eubalaena australis
Parietobalaena yamaokai
Diorocetus chichibuensis
Tiphyocetus temblorensis
Parietobalaena palmeri
Pinocetus polonicus

Eubalaena japonica
Parietobalaena campiniana

Eubalaena glacialis
Titanocetus sammarinen;is‘ _
Joumocetus shimizui
'l Cetotherium rathkii

Brandtocetus chongulek
Kurdalagonus mchedlidzei
Cetotherium riabinini
‘Cetotherium’ megalophysum
Metopocetus durinasus
Cephalotropis coronatus
Piscobalaena nana

Miocaperea pulchra
1 3 Caperea marginata ‘
| IE N

o

toothed stem Mysticeti

=)
crown Mysticeti \./

annocetus eremus
Herpetocetus morrowi
I—d.E Herpetocetus transatlanticus
Herpetocetus bramblei

Diorocetus shobarensis
Pelocetus calvertensis
3 Uranocetus gramensis
|_ ‘Megaptera’ miocaena
‘ ‘Megaptera’ hubachi
Diunatans luctoretemergo

Plesiobalaenoptera quarantellii
. Parabalaenoptera baulinensis
‘ | I——— Balaenoptera bertae

crown [ L—3 Archaebalaenoptera castriarquati
Bal d Balaenoptera siberi .
alaenopteroidea 7 r——= Balaenoptera bonaerensis

L—— Balaenoptera acutorostrata
Balaenoptera musculus
Balaenoptera omurai
Balaenoptera borealis
Balaenoptera edeni
Balaenoptera brydei

————— Megaptera novaeangliae
Baﬁzenoptem physalus

‘Balaenoptera’ portisi

Gricetoides aurorae

Eschrichtius robustus

Eschrichtioides gastaldii

30 20 10 0
Ma

Slater et al. (2017)

total length
2 (m) 24
[ N

total length (metres)
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< crown right whales

10 A < crown rorquals

20 |

Ma

< crown mysticetes

30 4 < first baleen

< first mysticete

40

Example: gigantism in baleen whales

Linked to ocean dynamics in the Plio-Pleistocene

glacial
cycles

upwelling

Antarctic
Circumpolar
Current

— upwelling resulted in high prey densities

Pli

Miocene

Olig

Eo
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https://royalsocietypublishing.org/rspb/article/284/1855/20170546/78535/Independent-evolution-of-baleen-whale-gigantism

Example: niche evolution in
sauropodomorphs

Traits are climate variables
Shifts to warmer niches early on

Provides evidence that climate
influence evolution of the group

Dunne et al. (2023)
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DINOSAUROMORPHA

: Barapasaurus tagorei
Tazoudasaurus naimi
Vulcanodon karibaensis
| Isanosaurus attavipachi
Pulanesaura eocollum

SAUROPODA

G. shibeiensis
Leonerasaurus taquetrensis
Lessemsaurus sauropoides
Antetonitrus ingenipes
Meroktenos thabanensis
Melanorosaurus readi
Camelot’a borealis
Eucnemesaurus fortis
Eucnemesaurus entaxonis
Aardonyx celestae
Mussaurus patagonicus
Yunnanosaurus huangi
Massospondylus kaalae
Coloradisaurus brevis
Ngwewvu intloko
Lufengeosaurus huenei
Massospondylus carinatus
Leyesaurus marayensis :
Sarahsaurus aurifontanalis
Ignavusaurus rachelis
Seitaad ruessi
lJingshanosaurus xinwaensis

y Anchisaurus polyzelus
Plateosaurus engelhardti
Plateosaurus gracilis !
Ruehleia bedheimensis I

Plateosauravus cullingworthi I
Efraasia minor
| Pantydraco caducus
Eoraptor lunensis |
Panphagia protos
Saturnalia tupiniquim !
Chromogisaurus novasi I

] . Lucianovehator bonoi
Camposaurus arizonensis 1
Lepidus praecisio

Segisaurus halli
Coelophysis rhodesiensis

Coelophysis bauri !
Procompsognathus triassicus I
Powellvenator podocitus
Panguraptor lufengensis
Coelophysis kayentakatae
Liliensternus liliensterni
Dracoraptor hanigani
' Tachiraptor admirabilis
Sarcosaurus woodi

e Sinosaurus triassicus

| Dilophosaurus wetherilli

] Cryolophosaurus ellioti
: Dracovenator regenti

I

Tawa hallae I
Chindesaurus bryansmalli
Staurikosaurus pricei I
Sanjuansaurus gordilloi
Poreba Herrerasauridae indet
Herrerasaurus ischigualastensis
Guaibasaurus candelariensis
Guaibasauridae indet

Berberosaurus liassicus

- Gojirasaurus quayi
Zupaysaurus rougieri
Eodromaeus murphi

Daemonosaurus chauliodus ) L
Scelidosaurus harrisonii _
Emausaurus ernsti

B.ralln

Manidens condorensis

| Bienosaurus lufengensis
I Arizona Scelidosaur
Scutellosaurus lawleri
s [ esothosaurus diagnosticus
Laquintasaura venezuelae
Eocursor parvus
Heterodontosaurus tucki
Abrictosaurus consors
Pegomastax africanus

Lycorhinus angustidens
Kayenta heterodontosaurid
Pisanosaurus mertii I
Diodorus scytobrachion

Kwanasaurus willidmparkeri

Eucoelophysis baldwini
Sacisaurus agudoensis

Silesaurus opolensis
Lewisuchus admixtus
Saltopus elginensis
Marasuchus lilloensis

Dromomeron romeri

Dromomeron gigas
Dromomeron gregotrii

Ixalerpeton polesinensis
Lagerpeton chanarensis I
Lagerpetonidae indet .
I
I

Carnian Norian Rhaetian H. Sinemurian Pliens. Toarcian
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https://www.sciencedirect.com/science/article/pii/S0960982222018942

Exercise

Natricine snakes
-xercise by Nathalie Cooper
Data from Deepak et al. (2022)

Higher heads with long eye & naris

Lower heads with short eye & naris

to lip distances

to lip distances

<PC2(16.9%)>
o

Natrix maura

Rhabdophis p/umbico;r |

Tropidonophi
elongatus

Habit
@® Aquatic
@ Aquatic Burrowing
@ Burrowing
() Semiaquatic
@ Terrestrial

Nerodia floridana

@& Limnophis bicolor

<

® ©Hydrasthiops melanogaster

Fowlea flavipunctatus

‘Hydraethiops laevis

Tropidoclonion lineatum

.\Virginia valeriae

‘Adelophis foxi

hamnophis unilabialis
‘—Opisthotropis typica

Tham’oph s. ¢
i
hammondii € '
. ) @ opisthotropis lateralis @

toreria spp.

Rhabdo

aquaticus
Hebius optatu

S,

Q)
- “ chapaensis ®
® O

Hald% striatula  Aspidura trachyprocta @

_ Aspidura drummondhayi
Hebius

mphiesmoides ornaticeps

Thamnéphis . ‘Aspldura ceylonensis
brachystoma = @Opisthotropis latouchii Aspidura brachyorrohos
Smithophis atemporalis @ycrablabes periops ©4sp ¥
Lycognathophis ‘Blythia reticulata

Smithophis linearis  seychellensis

Trachischium laeve

Aspidura ceylonensis

DWC 2017.05.03 ZMB 3879

Smithophis atemporalis

BMNH 1933.9.11.87 BNHS 3523

Rhabdophis plumbicolor

Fowlea flavipunctatus

BMNH 1901.3.8.9-10

0

Wide heads with short
eye to naris distance

5 10
<PC1(36.2%)> Narrow heads with long
eye to naris distance

Amphiesmoides ornaticeps

MNHN RA 2009.251
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https://nhcooper123.github.io/pcm-primer-online/cont.html
https://academic.oup.com/jeb/article/36/2/399/7326114

Further resources

Natalie Cooper has a comprehensive online book + accompanying exercises

Luke Harmon also has an excellent online book

Emma Dunne has a nice tutorial about frog eyes (phylogenetic signal, PGLS,
continuous trait models, model selection)

Laura Soul has a nice tutorial about feeding ecology in crinoids (PGLS, continuous trait
models, discrete models, model selection, model adequacy)

Graham Slater’s phyloseminar (paleo-inspired models) ({53
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https://nhcooper123.github.io/pcm-primer/
https://nhcooper123.github.io/pcm-primer-online/
https://lukejharmon.github.io/pcm/
https://github.com/emmadunne/PCMs
https://dwbapst.github.io/PaleoSoc_phylo_short_course_2019/articles/module_09_worked_PCM_example/module_08.html
https://www.youtube.com/watch?v=RDe2wbkSv5Q

