
Other Models for 
Continuous Characters



Other Models for 
Phenotypic Evolution

• Brownian Motion (BM)

• Early Burst (EB)

• Ornstein-Uhlenbeck (OU)



Brownian Motion (BM)

• Brownian motion model with a constant 
rate of evolution

• Two parameters: starting value (Θ) and rate 
(σ2)



Ornstein-Uhlenbeck 
(OU)

dX(t) = α[Θ - X(t)]dt + σdB(t)



Ornstein-Uhlenbeck 
(OU)

dX(t) = α[Θ - X(t)]dt + σdB(t)

brownian 
motion



Ornstein-Uhlenbeck 
(OU)

dX(t) = α[Θ - X(t)]dt + σdB(t)
brownian 
motion

change 
towards 
optimum



Ornstein-Uhlenbeck 
(OU)

dX(t) = α[Θ - X(t)]dt + σdB(t)

optimal value



Ornstein-Uhlenbeck 
(OU)

dX(t) = α[Θ - X(t)]dt + σdB(t)

pull towards “optimum”



Ornstein-Uhlenbeck 
(OU)

dX(t) = α[Θ - X(t)]dt + σdB(t)

strength of selection is 
proportional to 

distance of trait from 
optimal value



Ornstein-Uhlenbeck 
(OU)

dX(t) = 0[Θ - X(t)]dt + σdB(t)

when alpha is 0, OU 
becomes BM



Ornstein-Uhlenbeck 
(OU)

dX(t) = α[Θ - X(t)]dt + σdB(t)



OU evolution







Ornstein-Uhlenbeck 
Model (OU)

• Evolution has a tendency to move towards 
some medial value

• “Brownian motion with a spring”

• Three parameters: starting value (Θ), rate 
(σ2), and constraint parameter (α)

i

j
sij

T = total tree depth



Early Burst Model (EB)

• Rate of evolution slows through time

• Highest rate at the root of the tree

• Three parameters: starting value (Θ), 
starting rate (σ2o), and rate change (r)

i

j
sij



Why these three?

• BM is assumed by almost all phylogenetic 
comparative methods

• EB corresponds to one idea of adaptive 
radiation 

• OU may capture the importance of 
constraints on evolution



How do we tell these models apart?



BM CC EB



Brownian motion = 
drift

OU = 
stabilizing 
selection



Brownian motion = 
drift or many other 

processes

OU = 
stabilizing 

selection or many 
other processes



Example: Anolis lizards

• Lizards on 
Caribbean islands

• Phylogenetic and 
body size data for 
73 species (out of 
~140 total) Anolis baleatus
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Model
Parameter 
estimates lnL

Akaike 
weight

BM σ2 = 0.004 -18.2 0.58

EB σ2 = 0.006
r =-0.01 -18.1 0.2

OU σ2 = 0.004
α = 0 -18.2 0.22
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Cichlids in Lake Tanganyika



Model
Parameter 
estimates lnL

Akaike 
weight

BM σ2 = 0.02 -62.3 0

EB σ2 = 0.02
r = 0 -62.3 0

OU σ2 = ...
α = ... -33.3 1
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Cichlids in Lake Tanganyika
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Brownian “Rates” Scale with Time
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• “Adaptive radiation” 
pattern very rare in 
this data set

• Constraints dominate 
over long time 
periods

• Brownian motion is 
sometimes a poor fit 
to real data
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more models…



Lamsdell, J. C., and S. J. Braddy. 2010. Cope’s Rule and Romer’s theory: patterns of diversity and gigantism in eurypterids and Palaeozoic vertebrates. Biol Letters 6:265-269.



BM with trend

dX(t) = σdBt

rate normal 
distribution where 
mean = t * μ

trait increases 
when μ > 0, 
decreases when  
μ < 0



BM with trend
μ= 0.02

μ= -0.02



usually need fossils to 
detect trends
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FIGURE 2. The phylogenetic tree used in the analysis. This tree is composed of 149 extant and 367 extinct members of the Canif ormia. Arrows point to the base of clades, indicating
family-level groups. The phylogenetic relationships are based on the topology of Flynn et al. (2005) and several other studies of major fossil groups. Internal relationships are
conservatively left in polytomies; see text for details. This particular tree corresponds to one potential phylogenetic hypothesis, placing the Amphicyonidae as the sister clade to all
extant caniforms and the "Paleomustelidae" considered as basal musteloids; see text and Figure 3 for explanation. Temporal data, derived from the first appearances of taxa in this
phylogenetic tree, were used to calibrate the divergence times among clades (e.g., between Canidae and Arctoidea) and also the "tip dates" of terminal branches. The time scale is
approximate; see Appendix 1 (available online at http://systematicbiology.org) for detailed temporal data. Inset: A schematic diagram showing the use of FAE for calibrating lengths
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Model Adequacy

• we commonly 
select from 
among a pool of 
models

• model adequacy 
asks if any of 
them are good
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Assess inadequacy with 
Arbutus

• https://github.com/mwpennell/arbutus

• library(devtools)

• install_github("mwpennell/arbutus")

https://github.com/mwpennell/arbutus


Arbutus
• asks if best fit model parameters predict 

summary statistics from the data

• most of these summary stats are based on 
contrasts

• mean of squared contrasts

• CV of absolute contrasts

• slope of abs contrasts against expected variance 
etc…



Model Adequacy and the Macroevolution of Angiosperm Functional Traits, Pennell et al 2015











What about “phylogenetic signal”?



“Phylogenetic signal”

A pattern where closely related species on a phylogenetic
tree have trait values that are more similar than expected by 
chance.



1. We expect phylogenetic signal under a wide range of 
evolutionary models.

— Brownian motion
— OU with small alpha
— multi-peak OU
— early burst



2. Phylogenetic signal is a pattern, not a process



3. Phylogenetic signal is NOT a constraint

In fact, unconstrained models (like BM) create lots of 
phylogenetic signal, while constrained models (like OU) can 
result in very little phylogenetic signal



Measuring Phylogenetic Signal

• Blomberg’s K statistic 

• Pagel’s lambda



Measuring Phylogenetic Signal

• Blomberg’s K statistic 

• measure of partitioning of variance (compared to BM)

• K >1 variance among

• K < 1 variance within



Measuring Phylogenetic Signal

• Blomberg’s K statistic (comparison to BM)

• measure of partitioning of variance (compared to BM)

• K >1 variance among

• K < 1 variance within

• Pagel’s lambda (branch length transformation) 

• similarity of species correlations compared to expected under BM 

• lambda = 0: no correlation; 

• lambda =1: correlation same as Brownian









Likelihood for a single 
character

t
Θ y

Brownian motion

y~N(0, σ2 * t)





Multivariate Normal

A

B
t1

t2

t3

var(A)

var(B)

cov(A,B)=σ2(t1+t2)

t1+t2

t1+t3t1

t1

variance-covariance 
matrix

=σ2(t1+t3)

=σ2(t1)

σ2

C



Two dimensions (x, y) correspond to tree with n=2

More dimensions gets more complicated
Easy to do with computers


