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Phylogeny and morphometrics

Polly PD & Motz GJ, 2017, Paleontological Society Papers, 22: 71-99.
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Is it always possible to estimate…

• evolutionary transitions?

• ancestor shape reconstructions?

• phenotypic change on a phylogeny?

• rates or modes of evolution?

• adaptive landscapes?

In what ways do evolutionary paths 

map onto mathematical paths?

Thomas Hart Benton, High Plains (1953)

Paths through morphospace
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We estimate paths in nearly every morphometric study

Polly PD, 1998. Contr. Mus. 

Paleo. U. Mich., 30: 1-53.
Polly PD, 2008. Evol. 

Biol., 35: 85-96.

Paths through morphospace

Taxonomic differences Modeling and simulationEvolutionary trajectories

Polly PD, 2008. Mammalian 

Evolutionary Morphology, 167-198.
Gomez-Robles et al. 2013. 

PNAS, 110: 18196-18201.

Ancestor reconstruction
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Even a population means involves paths…

Paths through morphospace
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A typical geometric morphometric morphospace…

Polly PD, 2017. Vavilov Journal 21: 452-461

What are morphospaces?
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Distances between objects are preserved

Ilymatogyra

Poromya

Procrustes distance = sum of displacements 

between homologous landmarks

Procrustes distance = full multivariate 

distance between objects in morphospace

Displacement vectors

Landmark space PCA space

What are morphospaces?

=
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Distances between objects are preserved

Relationships appear to change 

on two-dimensional projection

Relationships are constant in 

multidimensional space

Addition of new specimen simply 

changes coordinate system, not 
the relationship between shapes

• distances between objects in the full 

space are constant

• PC axes are sample dependent

• operations on a small number of PCs 

are sample dependent

• patterns off interest may not be 

represented on first PC axes

• operations carried out in full 
multivariate morphospace are not 

sample-dependent

What are morphospaces?

Geometric morphometric morphospaces 
are strongly multivariate
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Phylogenetics

Haeckel, 1879

Darwin, 1838
Hennig, 1966

(and its interaction with high dimensional spaces)
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Computational phylogeny reconstruction for morphology

Kluge AG, Farris JS. 1969. Quantitative phyletics 

and the evolution of anurans. Systematic 

Zooology: 1-32.

Discrete traits & parsimony 

1969

Felsenstein J. 1973. Maximum-likelihood 

estimation of evolutionary trees from continuous 

characters. Am J Human Genetics, 25: 471-492.

Continuous traits & likelihood

1973

Cavalli-Sforza LL, Edwards AW, 1967. 

Phylogenetic analysis. Models and estimation 

procedures. Am J Human Genetics, 19: 233-257.

Gene frequencies & likelihood 

1965
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Integrating phylogenetics and geometric morphometrics

2002

Forey MacLeod BooksteinHumphriesWebster Sidwell

Rohlf Cole Pagel Swiderski

Felsenstein

Rae

Polly

Reid Purvis

Systematics Association Annual Meeting 

August 1999
Glasgow, Scotland
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Phylomorphospace
The first(?) of geometric morphometrics and statistical phylogenetics

Rohlf FJ, 2002, Geometric morphometrics and Phylogeny, pp. 175-193 in 

Morphology, Shape, and Phylogenetics.
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Statistical phylogenetics

Probabilistic, likelihood, and Bayesian models 
for relationships between characters and trees

• phylogeny reconstruction

• ancestral state (shape) reconstruction

• estimation of evolutionary rates

• model selection for evolutionary “modes”

• hypothesis testing for rate and “mode” shifts

• testing for evolutionary convergence

• testing for multiple adaptive peaks

• performance trade-off modeling



© 2025 P. David Polly
(or as otherwise noted)

The Polly Lab
www.pollylab.org

Brownian motion is the null model…

…most other models are juxtaposed to it

T
im

e

Trait

ancestor
population

descendant
population

Brownian motion

(genetic or selectional drift)

in a single lineage

T
im

e
Trait

ancestor
population

descendant
population

Ornstein-Uhlenbeck

(stabilizing selection)

in a single lineage

evolution at each step 

is random in direction 
and magnitude

T

evolution at each step 

depends on distance 
from target T
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Lande’s adaptive peak model for quantitative traits

Nearly all phylogenetic statistical are based on…

Lande R, 1976. Natural selection and random genetic drift in 
phenotypic evolution.  Evolution, 30: 314-334.
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Brownian motion Directional
Ornstein-Uhlenbeck (OU)

or stabilizing selection

trait value trait valuetrait value

ti
m

e

Likelihood of an evolutionary outcome depends on the model
Best model can be selected based on observed outcomes
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Example: model selection in a paleontological lineage

Gene Hunt
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Statistical models of evolution on phylogenetic trees
Same idea, but tip values covary by shared ancestry

trait value

ti
m

e

Brownian motion

trait value

ti
m

e

Ornstein-Uhlenbeck (OU)

or stabilizing selection
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Ancestor reconstruction using a BM model

Descendant

• For one tip, the most 

likely ancestor value is 
the same

• Variance in likelihood is 

proportional to time 
elapse

• Most likely path is a 
straight line

Descendant 2Descendant 1

Probability of ancestor with 1 

& 2 as descendants is product 

of probabilities weighted by 

branch lengths

For one descendant For two or more descendants
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Phylomorphospaces are based on these models
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Do straight lines represent realistic biological paths?

PC 1

P
C

 2

Ilymatogyra

Poromya

(observed)

(observed)

Paths through morphospace

morphospace morphologies along path
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Empty regions of morphospace….

adaptive peakspeciesselection

… do not always follow straight paths
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Empty areas of morphospace – Type 1

Ordinary gaps

Talpa hakkariensis Gündüz et al., 2023, Zool J Linn Soc, 199: 567-593

unsampled(?) areas
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“Kendall curvature”

Slice, 2001, “Landmark coordinates aligned by Procrustes analysis do not lie in Kendall’s shape space”, Syst Biol 50: 141-149

Mathematical topology constraints

Empty areas of morphospace – Type 2
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Empty areas of morphospace – Type 2

“Kendall curvature”
Mathematical topology constraints
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Empty areas of morphospace – Type 2

“Kendall curvature”
Mathematical topology constraints
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Empty areas of morphospace – Type 2

“Kendall curvature”
Mathematical topology constraints
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Empty areas of morphospace – Type 3

“Bookstein bends”
Mathematical interactions between shape gradients and ”major axes”

Bookstein, 2013, “Random walk as a null model”, Paleobiology 39: 52-74.
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Empty areas of morphospace – Type 3

“Bookstein bends”

Variable space

T
im

e

Evolutionary Random Walk
(2 of 56 variables)

PC morphospace 

(1st two dimensions)

PC morphospace 

(2nd two dimensions)
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Empty areas of morphospace – Type 3

“Bookstein bends”

Variable space

T
im

e

Evolutionary Random Walk
(2 of 56 variables)

PC morphospace 

(1st two dimensions)

PC morphospace 

(2nd two dimensions)
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Example Type 3 : morphological series

Jason J. Head – snake vertebral regionalization

head cloaca

Head & Polly, 2015, Nature 520: 86-89

PC 1 PC 2

PC 3
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Example Type 3: ontogenetic series

Philipp Mitteröcker –growth and allometry differences in chimps

Mitteroecker et al., 2005. Evolution & Development, 7: 244-258.
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Example Type 3: paleontologic study of group origins

Timothy B. Rowe – phylogenetic origin of Mammalia 
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Pectinate trees likely to create “Bookstein bends”

9 variables

Kmulti = 1.09
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Empty areas of morphospace – Type 4

“Constraint chasms”

easy

difficult or 

impossible
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Hexobelomeryx ”Nasomeryx”

Reconstructed

ancestor

”Yeahrightomeryx”

Poll, 2017. Vavilov Journal of Genetics and Selection, 21: 452-461

Empty areas of morphospace  – Type 4

“Constraint chasms”

Reconstruction is 

biologically implausible
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Empty areas of morphospace – Type 4

“Constraint chasms”

ferrebeekeeper
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Empty areas of morphospace – Type 4

“Constraint chasms”

Reconstructed

ancestor
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Empty areas of morphospace – Type 4

“Constraint chasms”

Biological “no 

go” area
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Example Type 4:  mammal teeth
Isaac Salazar-Ciudad

Salazar-Ciudad I, Jernvall J, 2004, Evolution and Development, 6: 6-16; 2010, Nature, 464: 583–586.
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Empty spaces summary
Type 3 – Bookstein bends

• fairly common

• can easily be overinterpreted on low PCs

• statistics and model fitting may thwarted on 

low PCs

• may misguide ancestor reconstruction

• using full morphospace (all PCs) should 

alleviate statistical issues

Type 2 – Kendall curvature

• usually correctable with projection to 

Euclidean space

• usually negligible for biological data sets 

(e.g., phylogenetic ones)

• can be an issue with:

• non-biological objects (e.g. stone tools)

• simulated shapes

• testable by comparing full and projected 

Procrustes distances

Type 1 – ordinary gaps

• everything good

Type 4 – Constraint chasms 

• biological, not mathematical in nature

• caused by non-linear relationship between 

biological and mathematical paths

• may thwart ancestor reconstruction and 

model fitting (but not statistics?)
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Phenotypic landscape theory to the rescue?

Rice S, 2004. Evolutionary Theory.  Sinauer Associates.

Genotype-phenotype map combined with 

morphometrics could be used to reconstruct 

biologically realistic trajectories

Polly PD, 2008.  Evolutionary Biology, 35: 83-96
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Review of morphospace concepts
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Thinking forward… 

Are there better ways for evaluating “empty” spaces?

• tests for “Bookstein bends” vs. “Constraint chasms”

Are there better ways for managing high-dimensionality?

• Trade-off between analysis analysis in full vs reduced 

dimensionality (captures full patterns but over 
parameterized?) 

Can easy-to-use tools be developed?

• tests for effects of data pattern on evolutionary models?
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Software for Mathematica©

https://github.com/pdpolly
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Arizona State University

Radha Caumul
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