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Phylogeny and morphometrics
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Paths through morphospace

Is it always possible to estimate...

e 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)
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Paths through morphospace

We estimate paths in nearly every morphometric study
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Paths through morphospace

Even a population means involves paths...
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What are morphospaces?

A typical geometric morphometric morphospace...

Shape spectrum along PC 1
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What are morphospaces?

Distances between objects are preserved

Landmark space

llymatogyra

. Poromya

Displacement vectors

Procrustes distance = sum of displacements
between homologous landmarks

The Polly Lab
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PCA space

Poromya

llymatogyra

Procrustes distance = full multivariate
distance between objects in morphospace
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What are morphospaces?

Distances between objects are preserved

Relationships are constant in

Geometric morphometric morphospaces multidimensional space
are strongly multivariate ¢

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

Addition of new specimen simply
changes coordinate system, not
the relationship between shapes

Relationships appear to change
on two-dimensional projection
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Phylogenetics

(and its interaction with high dimensional spaces)

HMAECKEL'S RVOLUTION OF MAN, PLATE XV,

PEDIGREE OF MAN,
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Darwin, 1838 £
: Hennig, 1966

Haeckel, 1879 _
The Polly Lab © 2025 P. David Polly
www.pollylab.org (or as otherwise noted)




omputational phylogeny reconstruction for morphology

Gene frequencies & likelihood

1965

Phylogenetic Analysis
Models and Estimation Procedures

L. L. CAVALLI-SFORZA AND A. W. F. EDWARDS®

INTRODUCTION

Aec:rnucz oF uw theory of evolution as the means of uphining observed
and di among ¢ i invms the of trees

of descent to show Whether such trees

are based on fossil or lxving specimens, l.hey may often be criticized for having
a sub]nﬁve element. The purpose of this paper is to show how suitable

models can be d and applied objectively. In it we ampli-
fy and extend the methods we have given in previous communications (Ed-
wards and Cavalli-Sforza, 1963a, b, 1964, 1965; Cavalli-Sforza and Edwards,
1964, 1966; Cavalli-Sforza et al., 1964; Cavalli-Sforza, 1966).

Considering the great variety of information provided by living organisms,
it is clear that the type of data will affect both the method of treatment and
the validity of the results: the higher the correlation of data and genotype,
the greater the validity is likely to be. Information on nucleic acid and pro-
tein structure comes first in the scale of relevance and that on phenotype mea-
surements last; discrete and continuous variation demand different treatments,
and evolutionary models appropriate to both cases will therefore be required
for estimation purposes. Differences which are the result of mutation are
formally discrete, and evolution at the molecular level thus needs discontinu-
ous treatment; but even in this case the limit of observation may turn the data
into the continuous type, as happens, for instance, when the similarity in
nucleodde sequences in the nucleic acids of two organisms is measured by

or when diff between closely related orga-
nisms are examined. In the latter case, the differences may be sufficiently small
to suggest that the analysis be carried out at the level of gene frequencies—
semicontinuous variables which may be treated as continuous. We shall be

has been supported by grants from the U. S. Atomic Energy Commission and
by EURATOM-CNR-CNEN Contract No. 012-61-12 BIAL

‘This article is reproduced with the permission of Evolution, to which it was submitted
prior to presentation in this symposium.

“*Present address: Department of smwa University of Aberdeen, U. K.
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Discrete traits & parsimony

1969

Continuous traits & likelihood

1973

QUANTITATIVE PHYLETICS AND
THE EVOLUTION OF ANURANS

Arvorp G. KLuce AND JAMmEs S. Farwis

Abstract
In the quantitative phyletic approach to_evolutionary taxonomy, quantitative methods
are used for inferring evolutionary relationships. The methods are chosen both for their
operationism and for their connection to evolutionary theory and the goals of evolutionary
taxonomy. As an example of this approach, a detailed analysis of a set of anuran characters

is presented and taxonomic conclusions based on
and conclusions of the quantitative phyletic

those characters are drawn. The methods
nalysis are compared and contrasted with

a
the methods of previous workers in the field of anuran classification.

Classical evolutionary taxonomy has been
widely criticized for the lack of precision in
its methods, while the far more precise
numerical phenetic taxonomy has been even
‘more widely censured for its failure to take
into account the evolutionary basis of rela-
tionships among organisms. We believe it
is worth whlle to, develop still another
the
precision of numencal techniques and the
power of evolutionary inference. We refer
to this hybrid methodology as quantitative
phyletic taxonomy.

In the present paper we combine an ex-
position of techniques of quantitative phy-
letics with some rationale for them, and with
examples of their application in the form of
a study of the relationships between families
of anuran amphibians. We have chosen
anurans both because of their intrinsic
interest and bmuse of the long hlswry of

Since the relationships of frog,s have been
much debated, several discussions of tax-
onomic principles are included in the litera-
ture. These discussions provide a con-
venient set of reference points thmugll

referred to in the literature on anurans. We
have deleted some families of frogs from
the study in order to produce evolutionary
trees directly comparable to those given
by authors who have studied only a few
families. As a least common denominator
of sets of families to be included, we chose
those treated by Inger (1967) in his most
recent work on anuran phylogeny. We
realize that the use of a restricted number
of family names may cause some confusion
as to just what our assertions on frog
affinities are. To alleviate this confusion
partially, we have included in Appendix
I a list, according to family, of those genera
that we have referred to in the text.

CHARACTER WEIGHTING
Quantitative phyletic analysis differs
from other taxonomic methods in that it
attempts to employ biological information
in selecting optimal coding of characters
and in weighting of characters; its objec-
tive is to discover the evolutionary rela-
tionships of organisms, rather than simply
the phenetic relationships. The weighting
nf chmcters is done in the interest of
i i the

whlch we can readily discuss the phil
the i of i

in

phyletics.

To achieve a convenient framework for
discussing principles, we have sacrificed in
this paper some detail on the frogs them-
selves. We have used only those relatively

few characters that have been commonly
1

if is a real ph then
not all characters are equally correlated
with the evolutionary history of organisms.
If valid means of character weighting can
be found, they will tend to improve our
chances of inferring the correct phylogeny.
In order to achieve an accurate estimate of

Am J Hum Genet 25:471-492, 1973

Maxi Likelihood Estimation of Evolutionary
Trees from Continuous Characters

JosEPH FELSENSTEIN'

When we try to reconstruct the evolutionary tree of a group of organisms by
examining a series of characters, we are not applying strict logical deduction but
are making a guess in the presence of uncertainty. It is therefore appropriate to
think of the problem in terms of statistical inference. This approach was first sug-
gested by Edwards and Cavalli-Sforza [1-4]. The data collected by systematists
and by students of molecular evolution are mostly for discrete characters, such as
the presence or absence of a morphological structure or the amino acid sequence
of a protein. But much data are also collected for qnanunuve characters, such as
gene ies and on traits. In this paper, I will
confine my attention to quantitative characters. This is the case originally con-
sidered by Edwards and Cavalli-Sforza. They proposed that the estimation of
evolutionary trees be carried out by the method of maximum likelihood. However,
they found troublesome singularities in what they believed to be the likelihood
surface [3, 4]. They were forced to fall back on ad hoc approaches which did not
have an explicit statistical justification (their “method of minimum evolution” and
“additive tree model”; see also [5]). Malyutov et al. [6] have described another
ad hoc approach.

Tn this paper, I will use the basic model proposed by Edwards and Cavalli-Sforza.
1 will show that if we are less ambitious than they were, and redefine the problem
S0 as not to attempt to estimate as many quantities, we can construct a likelihood
function which does not have any such singularities. It is then possible to construct
computer programs which obtain maximum-likelihood estimates of the evolutionary
tree when the data are in the form of quantitative measurements.

TREES

Before the model is described in detail, it may be helpful to consider what is
meant by the term “evolutionary tree.” If we knew nothing of the amount and
quality of real data available, we might wish to know the entire evolutionary history
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Integrating phylogenetics and geometric morphometrics

Felsenstein Polly
Rohlf Cole Pagel Swiderski

Morphology, Shape
and Phylogen

aLood and Peter L Forey
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Phylomorphospace
The first(?) of geometric morphometrics and statistical phylogenetics

Chapter 9

Geometric morphometrics

and phylo geny Figure 9.3 Visualization of the estimated shape for ancestor of the Aedini (Aedes, Psorphora, and
Mansonia, see Figure 9.2). The grid shows the thin-plate spline transformation from the
starting form (@) to the estimated configuration (O). The estimated shape at the root of
F. james ROhIf the tree was used as the starting form.

ABSTRACT

This chapter reviews some of the important properties of geometric morphometric
shape variables and discusses the advantages and limitations of the use of such data
in studies of phylogeny. A method for fitting morphometric data to a phylogeny
(i.e., estimating ancestral states of the shape variables) is presented using the squared-
change parsimony estimation criterion. These results are then used to illustrate shape
change along a phylogeny as a deformation of the shape of any other node on the tree
(e.g., the estimated root of the tree). In addition, a method to estimate the digitized
image of an ancestor is given that uses averages of unwarped images. An example
dataset with 18 wing landmarks for 11 species of mosquitoes is used to illustrate the
methods.

Figure 9.4 Ordination from a non-metric multidimensional scaling analysis of a matrix of distances
between all species (®) and estimated internal nodes (O). Phylogenetic tree from Figure 9.2
superimposed using broken lines to link points. OTU codes are given in Table 9.1. Internal
nodes numbered in a preorder traversal of the tree beginning with the root. Stress = 0.145.

Rohlf FJ, 2002, Geometric morphometrics and Phylogeny, pp. 175-193 in BaR el = 0378,
Morphology, Shape, and Phylogenetics.
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Oxford Series in Ecology and Evolution

The Comparative
Method in
Evolutionary
Biology

Paul H. Harvey and
Mark D. Pagel

Statistical phylogenetics

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

* phylogeny reconstruction

« ancestral state (shape) reconstruction EVOLUTION

INTERNATIONAL JOURNAL OF ORGANIC EVOLUTION
PUBLISHED BY

° estimation Of eVOIUtionary rates THE SOCIETY FOR THE STUDY OF EVOLUTION

Vol. 48 June 1994 No.3

« model selection for evolutionary “modes” e 59

PHYLOGENIES WITHOUT FOSSILS

* hypothesis testing for rate and “mode” shifts o A R ot s
Imperial College at Silwood Park, Ascot, Berks SL5 7PY, UK

 testing for evolutionary convergence s sl M e e s s et

» testing for multiple adaptive peaks T e e T e

the birth and death rates of lineages from the reconstructed phylogenies, even though they contain
no explicit information about extinct lincages. We also show how such phylogenies can reveal

« performance trade-off modeling L L S e e S e

Key words.—Cl; is, density

Received December 14, 1992, Accepted June 3, 1993,
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Brownian motion is the null model...

...most other models are juxtaposed to it

Brownian motion Ornstein-Uhlenbeck
(genetic or selectional drift) (stabilizing selection)
in a single lineage in a single lineage
& descendant L ‘ n descendant
population population
80 e 80+
evolution at each step :
is random in direction @  ®f o ¥ evolution &t eagh step
and magnitude = c depends on distance
= i— fromtarget T
40+ - 40+
20 - B 20 -
ancestor ancestor
population population =
0 ST S T 920‘ T 0 0 2
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Nearly all phylogenetic statistical are based on...

Lande’s adaptive peak model for quantitative traits

selection drift
change in mean component component
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Likelihood of an evolutionary outcome depends on the model
Best model can be selected based on observed outcomes

Ornstein-Uhlenbeck (OU)
or stabilizing selection

ExplZ] = wiu,0?]

~

Brownian motion Directional
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Example: model selection in a paleontological lineage

Gene Hunt

Best model |URW 100 ————————
e Phenotypic Evolution in Fossil N 39 o
st s Species: Pattern and Process Astep i .
including: ~ 8
~017|er:ticles in this volume ’ 02 step 0 . 034
s Gene Hunt' and Daniel L. Rabosky? B 1.384 80 - () :
+ Our comprehensive search ! Department of Paleobiology, National Museum of Natural History, Smithsonian Institution, ~ L ®
Washington, DC 20560; email: hunte@si.edu 0.004 (]
ek o Ao, i 91 o oy e o AIC. URW  |-124.270 — .
AIC. GRW -122.860 t 1
AIC. Stasis|[-96.080 60 L , |
wt URW 0.670 ® ®
wt GRW 0.330 E P
wt Stasis |5.064x10°7 =
40 o .
Annu. Rev. Earth Planet. Sci. 2014, 42:421-41 Keywords .. i
m"’“‘:’rﬁw‘“’m”m Sk Se s phenotypic evolution, fossil time series, punctuated equilibrium,
S SRR speciation, stasis, trends [ ]
‘This article’s doi:
10.1146/annurev-earth-040809-152524 Abstract r
Copyrght © 2014 by Anmal Reviews. St e S s e ohh de e 201 [ ] ]
e e using it to document how the phenotypes of species change over substantial ®
s
L 4
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=20 -10 0 10 20
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Statistical models of evolution on phylogenetic trees

Same idea, but tip values covary by shared ancestry

Ornstein-Uhlenbeck (OU)

Brownian motion . .
or stabilizing selection

500 -_— 500
400 — — 400 +
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(] i | (b}
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Ancestor reconstruction using a BM model

For one descendant For two or more descendants

Descendant Descendant 1 Descendant 2
(©) @

For one tip, the most
likely ancestor value is
the same

« Variance in likelihood is
proportional to time
elapse

Probability of ancestor with 1
& 2 as descendants is product
of probabilities weighted by

* Most likely path is a branch lengths

straight line
_M_
of
N a(\c,e%"
el
05\\\\(*
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Phylomorphospaces are based on these models
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No known hominin species matches the expected
dental morphology of the last common ancestor
of Neanderthals and modern humans

Aida Gomez-Robles**, José Maria BermUdez de Castro, Juan-Luis Arsuagad, Eudald Carbonell®, and P. David PoIIyf
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Example: ProbabilitiesOfShapesAsAncestors[proc, labels, tree]

Node 0 Node 1 Node 2 Node 3 Node 4 Node 5

A.africanus 0.8920 0.7500

H.habilis 0.6460 0.9110 0.2520 0.6490 0.2460
H.ergaster

H.georgicus 0.3120

H.antecessor
H.heidelbergensis

Gomez-Robles eta.. 2013. PNAS, 110: 18196-18201.
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Paths through morphospace

Do straight lines represent realistic biological paths?

morphospace morphologies along path

llymatogyra (observed)

<
®
Cx
C.

PC 2

Poromya (obsgrved)

PC 1
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Empty regions of morphospace....

adaptive peak

... do not always follow straight paths

© 2025 P. David Polly
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Empty areas of morphospace — Type 1
Ordinary gaps

unsampled(?) areas
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Empty areas of morphospace — Type 2

“Kendall curvature”

Mathematical topology constraints

1.0

(@) (b)

FIGURE 1. A view of Kendall's shape space for triangles showing (a) the mapping of 2,000 random triangles
g d by the independent, normal displacement of triplets of points from the origin and (b) the mapping of 110
triangles describing the overall shape of gorilla scapulae. The north pole in both plots corresponds to an equil |
triangle. The south pole corresponds to the reflection of the triangle at the north pole. The equator of each sphere
corresponds to triangles with collinear vertices. Longitude is defined with respect to Bookstein’s (1996a) linearized
Procrustes estimates of uniform shape differences, ul and u2.

The Polly Lab
www.pollylab.org

(@ (b)

FIGURE 2. A view of the hemisphere of Procrustes-superimposed triangles showing (a) the mapping of the
2,000 random triangles from Figure 1a and (b) the mapping of the 110 gorilla scapulae from Figure 1b. Both sets
of data were fit by using an equilateral triangle (north pole) as the reference configuration. The heavy latitudinal
line on each hemisphere corresponds to triangles with collinear vertices that map to the equators of the spheres in
Figure 1. The equator of the hemisphere corresponds to the reflection of the equilateral triangle at the north pole.
Longitudeis defined with respect to Bookstein’s (1996a) linearized Procrustes estimates of uniform shape differences,
ul and u2.

Tangent space

© 2025 P. David Polly
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Empty areas of morphospace — Type 2

“Kendall curvature”

Mathematical topology constraints

1.0

05F

0.0
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Empty areas of morphospace — Type 2

“Kendall curvature”

Mathematical topology constraints

PC1

The Polly Lab © 2025 P. David Polly
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Empty areas of morphospace — Type 2

“Kendall curvature”

Mathematical topology constraints

The Polly Lab ©2025 P. David Polly
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Empty areas of morphospace — Type 3

“Bookstein bends”

Mathematical interactions between shape gradients and "major axes”
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Ficure 6. First two principal components of twelve isotropic 50-dimensional random walks (Kendall’s model for
diffusion in shape space). These each had a 50-dimensional sphere of directions for PC; to choose from, and given PC; a
49-dimensional sphere of directions for PC,; yet the resulting principal component analyses all look more or less the
same. All walks are of length 10,000. Axes are as in Figure 5.
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Empty areas of morphospace — Type 3
“‘Bookstein bends”
Evolutionary Random Walk

(2 of 56 variables)
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Empty areas of morphospace — Type 3

“Bookstein bends”

Evolutionary Random Walk PC morphospace PC morphospace
(2 of 56 variables) (15t two dimensions) (2" two dimensions)
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Example Type 3 : morphological series

Jason J. Head — snake vertebral regionalization
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Example Type 3: ontogenetic series

Philipp Mitterocker —growth and allometry differences in chimps
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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

CYNODONTIA
EUTHERIODONTIA

THERAPSIDA

SYNAPSIDA

FIGURE 2. Phylogeny of higher systematic categories of Synapsida. This hypothesis depicts the consecutive outgroups used
to determine ancestral states for the terminal taxa in this analysis. Character data for this hypothesis are discussed in Rowe
(1986a) and Gauthier et al. (1988a).
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Pectinate trees likely to create “Bookstein bends”
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Empty areas of morphospace — Type 4

“Constraint chasms”

AMER. ZooL., 20:653-667 (1980)

Ontogenesis and Morphological Diversification’

PERE ALBERCH?

Museum of Vertebrate Zoology and Department of Zoology,
University of California, Berkeley, California 94720

Synopsis. The role of development in constraining the directionality and patterns of
morphological evolution is examined. The nature of morphological variation and ap-
pearance of morphological novelties is determined by the epigenetic properties of the
organism. Consideration of these properties has profound implications for current the-
ories of morphological evolution. Developmental constraints impose severe limitations on
the gradualistic action of directional selection. Evolution is viewed as the result of differ-
ential survival of morphological novelties. However, the production of morphological
novelties by developmental programs is not random. This non-randomness in morpho-
logically expressed genetic mutations—an epigenetic property—can result in phyletic
trends, parallelisms and convergences.
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Empty areas of morphospace — Type 4

“Constraint chasms”

Hexobelomeryx |

Reconstruction is
biologically implausible

"Yeahrightomeryx”

Reconstructed
ancestor

The Polly Lab Poll, 2017. Vavilov Journal of Genetics and Selection, 21: 452-461 © 2025 P. David Polly
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Empty areas of morphospace — Type 4

“Constraint chasms”
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Empty areas of morphospace — Type 4

“Constraint chasms”
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Empty areas of morphospace — Type 4

“Constraint chasms”
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Figure 4 | Serial tooth-to-tooth variation implicates a cellular parameter.
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Empty spaces summary

Type 1 — ordinary gaps

everything good

Type 2 — Kendall curvature

The Polly Lab
www.pollylab.org

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 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 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?)

© 2025 P. David Polly
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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

EVOLUTIONARY
THEORY

Mathematical and Conceptual Foundations

]
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Sean H. Rice

Polly PD, 2008. Evolutionary Biology, 35: 83-96 .
© 2025 P. David Polly
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Review of morphospace concepts

The Polly Lab
www.pollylab.org

The Concept of Morphospaces in Evolutionary
and Developmental Biology: Mathematics

and Metaphors

Philipp Mitteroecker
Department of Theoretical Biology
University of Vienna

Vienna, Austria
philipp.mitteroecker @univie.ac.at

Simon M. Huttegger

Department of Logic and Philosophy of Science
University of California, Irvine

Irvine, CA, USA

shuttegg @uci.edu

Abstract
Formal spaces have become commonplace conceptual and
computational tools in a large array of scientific disciplines,
including both the natural and the social sciences. Morpholog-
ical spaces are spaces ibing and relating
organismal phenotypes. They play a central role in morpho-
metrics, the statistical description of biological forms, but also
underlie the notion of adaptive landscapes that drives many
i i ions in i y biology. We briefly
review the topological and geometrical properties of the most
common morphospaces in the biological literature. In contem-
porary geometric morphometrics, the notion of a morphospace
is based on the Euclidean tangent space to Kendall’s shape
space, which is a Riemannian manifold. Many more classi-
cal morphospaces, such as Raup’s space of coiled shells, lack
these metric ies, e.g., due to i scaled
variables, so that these morphospaces typically are affine vec-
tor spaces. Other notions of a morphospace, like Thomas and
Reif's (1993) skeleton space, may not give rise to a quanti-
tative measure of similarity at all. Such spaces can often be

d in terms of topological or pretopological spaces.
The typical language of theoretical and evolutionary biol-
ogy, comprising statements about the “distance” among phe-
notypes in an according space or about different “directions”
of evolution, is not warranted for all types of morphospaces.
Graphical visualizations of morphospaces or adaptive land-
scapes may tempt the reader to apply “Euclidean intuitions”
to a morphospace, whatever its actual topology might be. We
discuss the limits of metaphors such as the developmental
hourglass and adaptive landscapes that ensue from the geo-
metric properties of the underlying morphospace.

Keywords

adaptive landscapes, affine space, developmental hourglass,
morphometrics, phenetic space, sequence space, shape space,
skeleton space, theoretical morphology, topology
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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?

The Polly Lab
www.pollylab.org
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