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The distribution of traits among species 
is the result of evolution 

Traits can be discrete or continuous  

Comparative methods are approaches 
used to study trait evolution 

Why do we need to take phylogeny into 
account when we study trait evolution?

Comparative methods
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202 8 Traits and comparative methods

Characters:

Species: 1 2 3 4 5 6 7 8

Figure 8.1: The combinations of discrete characters — eye and feather colour — for eight
sampled species. Eyes in this example are either yellow or red, feathers green
or blue.

possible, even though they are not present in our data. From looking at the data, it is tempting
to conclude that there is a strong evolutionary correlation between the two characters; that
is, if a species evolves to have green feathers, this will likely coincide with the appearance of
yellow eyes.

8.1.1 Assuming independence across samples

One way to quantify the significance of this correlation would be to employ Fisher’s exact
test (see Box 10 on page 77). Recall that we need to formulate the null hypothesis before
performing this statistical test. The null hypothesis in our case is:

H0: Having yellow eyes is equally likely among green- and blue-feathered species.

For Fisher’s exact test, we fill out a contingency table with our observations (see Table 8.1),
and we can then formulate the null hypothesis mathematically:

H0: The number of species with both yellow eyes and green feathers is drawn from a hyper-
geometric distribution, given the total number of species with each of the four individual trait
values (the row and column sums of the contingency table).

The hypergeometric distribution describes an urn experiment. In this case, we can use the
urn analogy to represent the number of green balls obtained when drawing 4 balls without
replacement (representing the individuals with yellow eyes) from an urn with 4 green balls
(representing green-feathered individuals) and 4 blue balls (representing the blue-feathered
individuals). We denote the number of green balls among the drawn 4 balls with the random
variable Z. We calculate the p-value of the observed outcome, a, which is the probability of
obtaining the observed or more extreme outcomes. Here, we define more extreme as obtaining
more species with yellow eyes and green feathers than observed. We set the significance level
to 0.05. If the obtained p-value is less than the significance level, we reject the null hypothesis,
as it is very unlikely that we could get such data under the null model.

In the above example, we observe four individuals with yellow eyes and green feathers. Let
us now compute the probability of this event under hypothesisH0 by following Fisher’s exact
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Totals

4 0 4

0 4 4

Totals 4 4 8

Table 8.1: Contingency table for the feather and eye colours using the example in Figure 8.1.
No species in the sample has green feathers and red eyes or blue feathers and
yellow eyes; four species have green feathers and yellow eyes, and four species
have blue feathers and red eyes.

test (Box 10 on page 77):

P (Z = 0|H0) =

�4
4

��4
0

�
�8
4

� ' 0.0143. (8.1)

As we cannot observe more green balls than 4 (a more extreme event is impossible), the p-value
is 0.0143, well below a significance level of 0.05. We thus reject the null hypothesis of an equal
distribution of yellow eyes among green- and blue-feathered species at the 0.05 significance
level. Instead, there seems to be a significant correlation between the two features.

8.1.2 Considering phylogenetic relatedness

The analysis above relies on the assumption that the individuals in our samples are independ-
ent from one another. Let us now assume that, in reality, our eight species are related by the
evolutionary history shown in Figure 8.2. The colours along the branches depict the history
of the evolution of feather and eye colour traits.

When accounting for this relatedness, instead of considering the traits at the tips, we consider
the changes along the branches of the phylogenetic tree. In particular, we test whether two
characters change on the same branch more often than expected under a null model. Again,
we summarise the example data in a contingency table shown in Table 8.2.

Suppose again wemodel our changes using an urn experiment. Let us use red balls to represent
the branches where the feather colour trait underwent an evolutionary change (here, 1 red ball)
and black balls to represent the branches this trait did not change (here, 13 black balls). Now,
we draw k balls without replacement (here k = 1) to determine the branches on which the
change of eye colour occurred. The number of red balls drawn follows the hypergeometric
distribution (Box 9 on page 76).

Contingency table

Example: Decoding Genomes Stadler et al. (2024) 

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

Species: 1 2 3 4 5 6 7 8

change in 
eye color

change in 
feather color

Figure 8.2: The phylogenetic tree connecting the eight sampled species from Figure 8.1.
The species at the root of the tree has yellow eyes and green feathers, and so
do four of its descendants. In this particular example, the changes in feather and
eye colours occurred only once, and both took place along the same branch.

From this new perspective, our null hypothesis is:

H0: The number of branches with a change in both feather and eye colour follows a hyper-
geometric distribution.

The probability of the data under the null hypothesis is:

P (both feather and eye colour change on a branch|H0) =

�1
1

��13
0

�
�14
1

� ' 0.0714. (8.2)

The p-value is obtained by summing over the probability of the data and the probability of
any more extreme result. More extreme corresponds to more than one branch having both a
feather and eye colour change. As we only have one change of each trait, the p-value equals
0.0714. As the p-value is higher than a significance threshold 0.05, we do not reject the null
hypothesis that changes are equally likely on every branch and thus are not correlated at the
0.05 significance level.
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Change No change Totals

Change 1 0 1

No change 0 13 13

Totals 1 13 14

Table 8.2: The contingency table for changes per branch based on the tree in Figure 8.2.
In this example, there are no branches with a single change, one with changes in
both characters and 13 with no changes.

This is an entirely different result from the one we arrived at when we did not consider the
phylogeny. It shows that to detect correlated evolution between traits, we must take into
account the phylogenetic relationships between individuals or species.

8.1.3 Detecting associations between discrete variables in empirical
data

While the above analysis demonstrates the necessity of considering phylogeny when testing for
correlated evolution, it does not immediately lead to an obvious practical means of detecting
such correlations. The reason is that for real datasets, we typically know neither the phylogeny
nor the pattern of trait evolution that proceeds down it (that is, we do not have the full picture
of the phylogeny with character changes along branches like the one shown in Figure 8.2).

While we will not delve into the details here, we note that several studies have proposed co-
herent methodology to test for correlated evolution in discrete characters, starting with Ridley
(1983) who proposed a test using the parsimony algorithm (see Section 6.3.2) to reconstruct
the tree and the ancestral changes. Later, it was explicitly recognised that longer branches have
a higher chance of co-occurring changes than shorter branches, which is taken into account
in analyses using likelihood-based methods (Pagel 1994). For an extended discussion on this
topic, refer to Felsenstein (2003, Chapter 25).

8.2 Assessing associations between continuous characters

Just as with discrete characters, spurious correlations between continuous characters can be
induced by shared ancestry when ignoring this ancestry and, consequently, common evolution
during analysis. The only difference is how these characters evolve through time. Evolution
occurs due to a continuous time jump process for discrete characters, with instantaneous

Contingency table  
(changes per branch)



The tree shows bird species, along 
with continuous wing span and 
beak length traits for each one 

Note the trait values highly depend 
on which of the two main clades of 
a given species belongs to!
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Figure 8.3: A The phylogeny relating eight bird species and B continuous wing span and
beak length traits of the eight species. The trait values highly depend on which
of the two main clades of the phylogeny a given species belongs to.

2. drawn from the same normal distribution Normal(0,�2) (see Box 13 on page 80) for
all data points.

This means that the error terms are independent and identically distributed.

Fitting this linear model to the data requires we find estimates �̂ and b̂ that minimise the
difference between the measured values yi and the predicted values fi = �̂xi + b̂. Once the
model is fit to the data, we can compute the coefficient of determination R

2. It quantifies
the amount of variance in Y that is explained by X. Given the mean of the observed data
ȳ = 1

n

P
n

i=1 yi, R
2 is defined as

R
2 = 1�

P
n

i=1(fi � yi)2P
n

i=1(yi � ȳ)2
. (8.4)

Example: Decoding Genomes Stadler et al. (2024) 

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


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?

Phylogenetic comparative methods (PCMs)
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Models of continuous trait evolution
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The amount a trait changes over 
time is drawn from a normal 
distribution with a mean of 0 and 
a variance of σ2 

 

Positive numbers cause the trait 
to increase 

Negative numbers cause the trait 
to decrease

Brownian motion (BM)

9PCM Primer Cooper and Freckleton (2026) 

https://nhcooper123.github.io/pcm-primer/


Model parameters: σ2 and the 
root value  

Equivalent to the rate of 
evolution, larger σ2 = faster 
evolution 

Figure shows a simple example of body 
mass change through time, with 
starting value = 4 and σ2 = 0.25

Brownian motion

10PCM Primer Cooper and Freckleton (2026) 

Also known as a “random walk” model

https://nhcooper123.github.io/pcm-primer/


100 examples of body mass change 
through time under a BM model, with 
starting value = 4 and σ2 = 0.25 

The plot below shows the increase in 
the variance in body mass through 
time

Brownian motion

11PCM Primer Cooper and Freckleton (2026) 

https://nhcooper123.github.io/pcm-primer/


12

3 examples of body mass change under BM with the same starting value and 3 different values of σ2
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We can model BM along a tree
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Model parameters: 

  - the rate parameter σ2 

   - the root value 
  - the rubber band parameter α  
  - the long term mean (optima) 

Larger α means the trait evolves 
closer to the mean, α close to 0 is 
equivalent to a random walk, i.e., BM

Ornstein-Uhlenbeck
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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

16

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
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Phylognetic data collection
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used a simulation approach to determine the effects of such
size-biased sampling on subsequent macroevolutionary model
inference when the true model of evolution is an unbiased, con-
stant rates process. Our simulations treated sampling probability
as a logistic function of size, with sampling ranging from random
(P[sampling] ¼ 0.5 for all taxa) to completely biased against large
taxa (P[sampling] ¼ 0 for any fossil taxon larger than the clade
mean). Full details of our simulation procedure and methods
are provided in the electronic supplementary material.

3. Results
(a) Body length
Extant baleen whales have a right-shifted body size distri-
bution compared to their fossil relatives (figure 1). Notably,
this is not simply owing to the largest extant mysticetes
being larger than the largest fossil species; the smallest
extant mysticete, Caperea marginata, is larger than the smallest
fossil taxa and is more comparable to the average size of
mysticetes for the Oligocene through to the Pliocene.

(b) Phylogenetic inference
The MCC tree topology is in general agreement with previous
studies of both extant and fossil mysticete phylogeny [14],
including the placement of Eschrictius and Megaptera within a
paraphyletic Balaenoptera (figure 2). Divergence time estimates
are somewhat younger than previous estimates derived
from tip-dating [14], which probably results from use of the
FBD tree prior [39]. Mapping body size onto the MCC tree
topology (figure 2) confirms that increases in body size occur
independently in multiple lineages of extant mysticetes.

(c) Tempo and mode of body size evolution
Phylogenetic signal in mysticete body size is high (Pagel’s
l ¼ 0.94, likelihood ratio test vs l ¼ 0 p , 0.001; Blomberg’s
K ¼ 0.47, p , 0.01). DTT analysis is mostly consistent with
a constant rates process (MDI ¼20.063, p ¼ 0.65) but
shows a pronounced pulse of increased within-clade variation
at approximately 5 Ma that is inconsistent with a time-
homogeneous evolutionary process ( p¼ 0.066; figure 3).

None of the models allowing for time-dependent or
temperature-dependent rates, temporal trends in the mean
(e.g. Cope’s rule), or a stationary optimal size provided a
better fit to mysticete body size data than a simple Brownian
diffusion model with a single evolutionary rate (Akaike
Weight, wA, for BM ¼ 0.33; wA other models less than 0.26).
However, we found strong support (wA ¼ 0.97) for the
mode-shift model in which body size evolution switches
from a slow unbiased random walk to an upward-biased
random walk, with an inferred shift time of 0.19 Ma. Closer
inspection of results revealed a saddle point in the likelihood
surface for this model that is attributable to a lack of fossil
data in the interval 3-0 Ma. Pleistocene glacial cycles and
associated exposure and erosion of shelf area limit the preser-
vation potential of Pleistocene cetacean fossils and little
complete material is available for this interval [40]. Rather
than attempting to add fragmentary Pleistocene fossil taxa
to the tree, we instead reviewed the literature for fossil occur-
rences of extant species that could be used to truncate
terminal branches and, in turn, create a Pleistocene pseudo-
fossil record. Two fossil occurrences fulfilled our strict
requirement of being identifiable to the species level and pre-
serving sufficient morphology to confirm that they fall within
the range of sizes exhibited by extant populations; a posterior
cranium of a humpback whale (Megaptera novaeangliae) from
the lower Kioroshi Fm Japan is dated to 0.125–0.15 Ma [41] and a
grey whale (Eschrichtius robustus) skull and skeleton from the
San Pedro Sand, California [42] is dated to 0.2–0.5 Ma [43]. Trun-
cating the terminal branches for these two species to their
youngest possible ages (0.125 and 0.2 Ma, respectively) resulted
in a positive-definite Hessian matrix and increased support
(wA ¼ 0.99; table 1) for a slightly older mode shift (0.31 Ma)
with a 2-unit support range [44] of 0.13–4.5 Ma (figure 4).

(d) Effects of preservation bias
Using simulated data, we found no effect of size-biased
sampling on false detection rates for the mode-shift model.
This result holds even when assigning a sampling probability
of zero to all fossil species larger than the clade’s mean size
(electronic supplementary material).
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Figure 1. Mean body lengths for extant mysticetes and estimated length for fossil species (baleen-bearing mysticetes, circles; toothed mysticetes, triangles) are
plotted according to their age as inferred from our phylogeny. Shaded areas correspond to 80 (white), 90 (grey) and 95% (black) quantiles of 1000 Brownian motion
simulations on mysticete phylogeny and illustrate that the modern fauna is both lacking in small species (less than 5 m) and over-represented in large ones (more
than 10 m), relative to the fossil record. To the right is a smooth-spline fitted to the Eocene – Present oxygen isotope curve [36], and used as a proxy in modelling
temperature-dependent body size evolution. Higher d18O values correspond to cooler temperatures.
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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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Example: gigantism in baleen whales 

Linked to ocean dynamics in the Plio-Pleistocene 

→ upwelling resulted in high prey densities

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
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which there is no difference in evolution of their respective cli-
matic niche between the Late Triassic and Early Jurassic (me-
dian AICc weight = 0.35; Figure 4A). This received approximately
twice the support of a uniform Ornstein-Uhlenbeck (i.e., con-
strained) process (OU1; median AICc weight = 0.19; median
a = 0.017) and three times the AICc weight of the best-supported

non-uniformmodel: a two-regime Ornstein-Uhlenbeck (i.e., con-
strained; median a = 0.016) ‘‘OUM’’ process with different
climate optima in the Late Triassic (median qTriassic = 22.024)
and Early Jurassic (median qJurassic = 42.578; median AICc
weight for OUM = 0.11). Support for a single-regime model of
sauropodomorph climatic niche space evolution suggests that

Figure 3. Evolution of early dinosaur climate niche space
MATmapped as a continuous character onto a single example of the early dinosaur tree using the sauropodomorph topology of Chapelle et al.22 Note that in this

tree, polytomies have been randomly resolved as detailed in the STAR Methods. During the early divergences of sauropodomorphs in the Late Triassic, inferred

climatic niches are ‘‘cooler.’’ By contrast, in the Early Jurassic,Sarahsaurus,Seitaad, and sauropods have ‘‘warmer’’ climatic niches. See Figure S2 for example of

sauropodomorph topology of McPhee et al.23 Timescale abbreviations: H., Hettangian; Pliens., Pliensbachian. Silhouettes from phylopic.org (see acknowl-

edgments for creator credits). See also Figure S2.
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Report

Dunne et al. (2023) 

https://www.sciencedirect.com/science/article/pii/S0960982222018942


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

404  |    DEEPAK et al.

spaced nares at high values of PC1 and longer, higher and wider heads 
with widely spaced nares at low values of PC1 (Figure 3). PC2 (16.9% 
of the variance in head shape) mostly summarized the relative posi-
tion of the eye, and distances between the eye/naris and lip (Figure 3). 
PC3 (15.5% of the variance in head shape) mostly represented vari-
ation in eye diameter, jaw length (JL), naris to lip (NL) distance and 
some aspects of overall head shape (width, height) (Figure S1). PC4 
(7.89% of the variance in head shape), explained variation in naris to 
lip distance and, to a lesser extent, jaw length (JL), relative position 
of eye, eye diameter and head length, width and height (Figure S1).

Aquatic burrowing natricines occupy a distinct morphospace 
compared with aquatic natricines in PC2 vs PC3 (Figures S2– S4). 
Burrowing natricines (except Storeria spp.) occupy a distinct region 
of the PC1 vs PC2 morphospace compared with terrestrial and semi-
aquatic natricines (Figures 3, Figure S2– S4), with a minor overlap with 
aquatic burrowing and aquatic natricines (Figures 3, S2– S4). Among 
the six sampled Aspidura spp. (all burrowers) only A. ceylonensis was 
particularly close to other burrowing natricines. The remaining five 

congeneric species were distinct in morphology compared with other 
natricines (Figure 3). The four burrowing species in the genus Storeria 
were the only specialist molluscivores in the sample and, although they 
occupy the lower end of PC2 with other burrowers, along PC1 they 
are distinct from all other burrowers and more similar to many of the 
terrestrial, semiaquatic and aquatic burrowing natricines (Figures 3, 4). 
All other diet categories were largely associated with their habit, i.e. 
most terrestrial and semiaquatic species were generalists (Figures 4; 
Figure S4). Both aquatic and aquatic burrowing ecomorphs were 
mostly aquatic generalists (Figure S4). Most burrowing (except Storeria) 
and some aquatic burrowing natricines are reported to feed on an-
nelids (Figure 4; Figure S4). Aquatic and semiaquatic natricines were 
distributed across the phylogeny, as were terrestrial taxa (Figure 4). 
Burrowing and aquatic burrowing natricines were more patchily dis-
tributed across the phylogeny, the former is found only in Asia and 
north- central America and the latter only in Asia (Figure 2). The a pri-
ori habit categories (putative ecomorphs) clearly captured more of the 
variation in head shape than did diet.

F I G U R E  3  Principal component analysis plot of head shape variation in natricine snakes. PC1 and PC2 together explain 53.1% variation in 
the data set, with species means plotted here based on the different habit categories (putative ecomorphs). Line drawings of representative 
natricines with different habits shown on the right and labelled in the plot: Note the positions of the nostrils of each species in the drawing; 
overall high and broad head of S. dekayi; the pointed snout of A. trachyprocta and broad snout of A. ceylonensis; dorsoventrally compressed 
and narrow rear head of S. atemporalis; overall high and posteriorly wider heads of R. plumbicolor and F. flavipunctatus and dorsoventrally 
compressed head of Amphiesmoides ornaticeps. Specimen voucher numbers are provided for the line drawings. Scale bars: 10 mm.
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https://nhcooper123.github.io/pcm-primer-online/cont.html
https://academic.oup.com/jeb/article/36/2/399/7326114


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)

Further resources
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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

