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In which unit is measured trait variation?
At the phylogenetic scale, in unit of time.
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Figure S2. Reconstructed phylogenetic history of dN/dS (posterior median estimate) under the

phenomenological model.
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Figure S5. Reconstructed phylogenetic history of Ne (posterior median estimate) under the mech-

anistic model, without ancestral polymorphism.
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Figure 7.4. Simulated character evolution on a phylogenetic tree of squamates
(from Brandley et al. 2008) under an equal-rates Mk model with slow, fast, and
asymmetric transition rates (from right to left). In all three cases, I assumed
that the ancestor of squamates had limbs. Image by the author, can be reused
under a CC-BY-4.0 license.

Section 7.6: Chapter summary

In this chapter I have described the Mk model, which can be used to describe
the evolution of discrete characters that have a set number of fixed states. We
can also elaborate on the Mk model to allow more complex models of discrete
character evolution (the extended-Mk model). These models can all be used to
simulate the evolution of discrete characters on trees.

In summary, the Mk and extended Mk model are general models that one can
use for the evolution of discrete characters. In the next chapter, I will show how
to fit these models to data and use them to test evolutionary hypotheses.

Section 7.7: Footnotes

1: Imagine that you calculate a rate of character change by counting the number
of changes of state of a character over some time interval, t. You can calculate
the rate of change as nchanges/t. The instantaneous rate is the value that this
rate approaches as t gets smaller and smaller so that the time interval is nearly
zero.

2: I will not cover the details of matrix exponentiation here – interested readers
should see Yang (2006) for details – but the calculations are not trivial.

115

Stabilizing selection
An optimal value for the trait.

Neutral trait
No fitness function.

Diversifying selection
An optimal value for the trait,
changing randomly.

Time Time Time
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How to disentangle neutral and adaptive processes?
By fitting different models describing different evolutionary scenarios.

Stabilizing selection
An optimal value for the trait.
Ornstein-Uhlenbeck (OU) process.

Changing optimum
Different optimal value for the trait,
changing along the phylogeny.
Shifted OU process.

Neutral trait
Random walk of the trait.
Brownian process.

Fi
tn

es
s

Trait

Fi
tn

es
s

Trait

Time

Tr
ai

t

• OU process can be favored for a neutral trait.
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Typically, the best fit of a Brownian process would conclude that 

the trait changes are due to neutral evolution or “genetic drift”.
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But we have a problem.
The best fit of a Brownian process is NOT a proof of neutral evolution.Neutral trait

No fitness function.
Diversifying selection

An optimal value for the trait,
changing randomly.

Time Time

• A neutral trait will follow a Brownian process*. (*under some conditions).

• But a trait under a constantly changing optimum might follow a Brownian process too.
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Is time the unit on which is measured the rate of a Brownian.
No, it is the number of generations (for a neutral trait).

• A neutral trait will follow a Brownian process in unit of generations.

Long generation time.
Fewer generations.
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Is time the unit on which is measured the rate of a Brownian.
No, it is the number of generations (for a neutral trait).

• A neutral trait will follow a Brownian process in unit of generations.

• The number of generations is proportionnal to sequence divergence ( ).
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Can branch lenghts be proportionnal to the number of generations?
By using phylogram (number of substitutions) instead chronogram (time).

: Chronogram in unit of time.

: Phylogram in unit of expected substitutions per site.

A neutral trait will fit a Brownian process better a on a phylogram than on a chronogram.

Phylogram

• Phylograms are in unit of substitutions per site,
2n-3 free parameters for n species.

• Phylograms are usually derived from DNA
sequence divergence.

Chronograms: better fit for
traits under moving optima

of divergence.
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Underlying
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• Chronograms are in unit of time.
Ultrametric tree, n-1 free parameters for n species.

• Chronograms are usually derived from a phylogram
(relaxed molecular clock, fossil calibrations, ...).

Chronogram

2n-3 free parameters for n species.

• Phylograms are usually derived from DNA
sequence divergence.
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Is a Brownian process best supported on a phylogram?
We can derive a model estimating the support for a phylogram.

Chronogram PhylogramTrait

Brownian motion
with a switch

Support for the 
phylogram

Posterior mean estimate

Brownian motion
with a switch

Chronogram Trait

Neutral trait:
No fitness
function.

Moving optimum:
An optimal value for 
the trait, changing 
continuously along 
the phylogeny.

Wright-Fisher simulation along the phylogeny
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Can we test this model estimating the support for a phylogram?
Using simulations for the different evolutionary scenarios.

A: Wright-Fisher simulator for a trait B: regime of selection C: simulations along a phylogeny
Neutral trait:
No fitness function.

Moving optimum or multiple 
optima:
An optimal value for the trait,
changing along the phylogeny
continuously, or a few times.
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Generation n+1.

Generation n.

Generation n+2.

Parent 1

Parent 2 Genetic drift: parents are chosen randomly.
Selection: probability to be chosen is weighted by fitness.
Mutation: loci passed to offsprings can mutate.

Individual i

Fitness

Wi

Alleles:

Genotypic effect:

Phenotype
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Can the support for a phylogram be estimed?
Yes, and it is high for trait simulated under neutral evolution.

• Support for phylogram is high if the trait is neutrally evolving.
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Can the support for a chronogram be estimed?
Yes, and it is high for trait under selection.

• Support for phylogram is high if the trait is neutrally evolving.

• Support for chronogram is high if the trait is tracking a changing optimum.
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Measuring morphological variation in unit
of nucleotide changes to disentangle 

neutral and adaptive processes

• Changes of a trait tracking a changing optimum is better supported on a chronogram ( ).

• Changes of a neutral trait is better supported on a phylogram ( ).

• If one claims that a trait is neutrally evolving, this should be assessed by comparing
  the support for a phylogram ( ) over a chronogram ( ).

• Can we do better and use both between and within species variation?
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Can we derive a neutrality index using between and within species variation?
By normalising trait variation using nucleotide changes.

Latrille et al.
J. Evol. Biol., 2024

Trait variation
within species

Trait variation
between species

No selectionStabilizing selection Moving optimum

Variation between

Variation within

Trait
mean

Trait
variance

Trait
heritability

Sequence
diversity

Trait variations
(e.g. brain size)Between

species
Within
species

Nucleotide
diversity

Nucleotide
divergence
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Latrille et al. (J. Evol. Biol., 2024)

Nucleotide
diversity

Nucleotide
divergence

Variation between

Variation within

Within species
trait variation

Between species
trait variation

P̄ is the trait mean value. If the trait is neutral and encoded by many loci, P̄ evolves
as Brownian process. cov

(
P̄i, P̄j

)
is the covariance in mean trait value between a pair

of species[1]:

cov
(
P̄i, P̄j

)
= VA

Ne
· t = 4Ne · µ · L · a2

Ne
· t, (6)

= 4t · µ · L · a2. (7)

For a neutral genomic region of interest, some mutations will eventually reach fixa-
tion in the population due to genetic drift (Pfix = 1/2Ne)[1], resulting in a substitution.
The substitution rate per generation (q) is[2,3]:

q = 2Ne · µ · Pfix = 2Ne · µ · 1
2Ne

= µ. (8)

For t generations, the genetic distance (d) measured as the number of substitution
per site is:

d = t · q = t · µ. (9)

We thus have for a pair of species:

σ2
B

def=
cov

(
P̄i, P̄j

)
4d

= 4t · µ · L · a2

4t · µ
= L · a2. (10)

Within species variation:

• VP : phenotypic variance.
• h2: heritability for the trait.
• π: mutations per site between two haplotypes.

Between species variation:

• cov
(
P̄i, P̄j

)
: covariance in mean trait value between a pair of species.

• d: shared nucleotide divergence between a pair of species.


σ2

W
def= VP · h2

π
= ��4Ne · �µ · σ2

M

��4Ne · �µ
= σ2

M,

σ2
B

def=
cov

(
P̄i, P̄j

)
4d

= ��4t · �µ · σ2
M

��4t · �q
= σ2

M.

=⇒ σ2
B/σ2

W = 1.

• µ: mutation rate per generation.
• q: substitution rate per generation.
• Ne: effective population size.
• σ2

M: effect on the trait per mutation.

2

How to derive formally a neutrality index?
Similar to dN/dS ratio, or Qst-Fst, but for a trait at the phylogenetic scale.
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100.1 1

Stabilizing selection
An optimal value for the trait.

Neutral trait
No fitness function.

Moving optimum
An optimal value for the trait,
changing randomly.

Latrille et al. (J. Evol. Biol., 2024)

Can we test such neutrality index?
Using simulation under different evolutionary scenarios.

• A neutrality index disentangling neutral and adaptive processes acting on trait.

Neutrality index Probability of a moving optimum
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Théo Gaboriau
Nicolas Salamin

Computational 
Phylogenetics 
Group

Nucleotide changes allow disentangling neutral and adaptive processes 
by contrasting trait variation:
 • in unit of nucleotide divergence instead of time.
 • at the between species level (divergence) and within species (diversity).
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What is the expected rate of evolution for a neutral trait?
Can we derive a test of selection   

→ How to adapt QST-FST

methods across species?

Quantitative-genetics
across populations.

Phylogenetic DNA
evolution.

Contrast polymorphism
& divergence.

→ How to adapt McDonald &
Kreitman test (dN/dS>pN/pS) for
trait changes along a phylogeny?

→ How to a derive a dN/dS

ratio but for a trait instead of
protein coding DNA sequences?
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