
Species as data points 
 

Outline for today 

• The problem with species data 

• Phylogenetic signal in ecological traits 

• Why phylogeny matters in comparative study 

• Phylogenetically independent contrasts (PICs) 

• A linear model approach 

• A method for categorical data (and issues) 

• Many applications 

• R: An embarrassment of riches  



An example of species data 
 
Mating behaviors in 15 species of water striders (Gerris). Males chase females, who 
flee by skating away. If a male grasps a female, she initiates a series of leaps, rolls, 
and summersaults that usually toss him off. Males of some species have clasping 
genitalia that allow them to stay on longer, but females of these species often have 
spines or other devices that make it difficult for males to grasp her. Mating takes 
place after a female stops struggling.  
 
Rowe and Arnqvist (2002) measured average 
duration of female struggles for each species 
(the periods of evasive action by females in 
response to lunges or grasps by males); and 
average mating frequency of females, under 
controlled lab conditions.



An example of species data 
 
Data on 15 species reveal a positive association between the two variables. 
We would like to estimate the strength of the correlation. 



The problem with species data 
The data points (species) are not independent. 
 
 
 
 
 
 
 
 
Phylogeny of 
Gerris



The problem with species data 
Closely related species tend to have similar trait values. 



The problem with species data 
This tendency is called “phylogenetic signal”. 



The problem with species data 
Non-independence of species data violates a major assumption of conventional 
statistical methods for data analysis.  
  
  



How prevalent is phylogenetic signal in ecologically relevant traits?  
 
Pagel’s λ measures the extent to which closely related species are similar in their 
trait values (phylogenetic signal). Here is a survey of λ-values from many studies 
and traits by Freckleton et al (2002):



Why is phylogenetic signal a problem? 
Non-independence leads to wrong calculations of precision (standard errors, 
confidence intervals). It leads to wrong Type 1 error rates in null hypothesis 
significance testing. 
 
Example scenario: 
Data on two traits 
for 40 species 
 
Looks like a strong 
correlation between 
variables Y and X 
 
 
Felsenstein (1985) Am Nat



Why is phylogenetic signal a problem? 
Felsenstein’s “worst case scenario” for the phylogeny of the 40 species. 
 
 
 
 
 
 
 
 
 
 
 
Felsenstein (1985) Am Nat 



Why is phylogenetic signal a problem? 
In this case the non-independence is severe, and creates an apparent association 
between X and Y where there is none. 
 
 
 
 
 
 
 
 
 
Felsenstein (1985) Am Nat  



What we are really assuming when we ignore phylogeny 
 
That the species are related as in a “star” phylogeny, which leads to no phylogenetic 
signal.



Felsenstein’s (1985) solution 
 
Method assumes that the evolution 
of traits is mimicked by a 
continuous random walk (Brownian 
motion). 
 
Under Brownian motion, the 
difference between any two species 
in a trait has a normal probability 
distribution with mean 0 and 
variance proportional to the time 
since their common ancestor. 
 
Felsenstein (1985) Am Nat



Felsenstein’s method of phylogenetically independent contrasts 
 
Under Brownian motion, a, b, and c are not independent, but the difference 
(“contrast”) between a and b is independent of the difference between c and 
(a+b)/2. 



Phylogenetically independent contrasts 
 
There are n – 1 independent contrasts for n species.



Phylogenetically independent contrasts  
Calculation details. Usually, contrasts are standardized by the square root of the 
expected variance, which is proportional to branch length.



Phylogenetically independent contrasts 
The idea is to convert the data on both traits to their independent contrasts using 
the phylogeny of the species. Then calculate the correlation between the 
independent contrasts of the two traits.  
 



Phylogenetically independent contrasts 
A cutaway of the independent contrasts for the water strider mating behavior data. 
The direction of each contrast is arbitrary, but the contrast direction must be the 
same for both variables. 



Phylogenetically independent contrasts  
Because the direction of the contrast is arbitrary, the correlation or regression using 
independent contrasts is fitted through the origin (0,0). 
 
The ape package in R implements phylogenetically independent contrasts. 

 
Positive correlation confirmed! 
  



A linear model approach 
 
General least squares (GLS) is a linear model technique mathematically equivalent 
to phylogenetically independent contrasts.  
 
GLS allows the residuals to be correlated and have unequal 
variances. The method incorporates them using a “weight” 
matrix of expected covariances between species traits. 
 
Using GLS gives access to all the tools of linear models, 
including model selection methods (AIC, etc). 
 

The function gls() in the nlme package can be used  

to fit phylogenetic linear models. 



Specifying the covariance matrix between data points 
 

 Homo Pongo Macaca Ateles Galago 
Homo 1.00 0.79 0.51 0.38 0 
Pongo 0.79 1.00 0.51 0.38 0 
Macaca 0.51 0.51 1.00 0.38 0 
Ateles 0.38 0.38 0.38 1.00 0 
Galago 0.00 0.00 0.00 0.00 1 
 
To analyze, we must know what the variances and correlations 
are between species. Under Brownian motion, the expected 
covariance between two species is the proportion of total 
history, from root to tip, that they share. 



Specifying the covariance matrix between data points 
 

 Homo Pongo Macaca Ateles Galago 
Homo 1.00 0.79 0.51 0.38 0 
Pongo 0.79 1.00 0.51 0.38 0 
Macaca 0.51 0.51 1.00 0.38 0 
Ateles 0.38 0.38 0.38 1.00 0 
Galago 0.00 0.00 0.00 0.00 1 
 
These expected covariances between pairs of data points 
(species) are used as “weights” in the linear model fitting.  
A pair of data points (species) that share most of their 
phylogenetic history end up being down-weighted in the 
analysis. In effect, each of them is counted as only a fraction of 
a data point.  



Assumptions of the method 

• Evolution in each trait mimics a continuous random walk in time (Brownian 
motion). 

• The rate of evolution is constant through time and along all branches of the 
phylogeny. 

• Speciation and extinction are unrelated to trait values. 

These assumptions are difficult to verify. 

Branch lengths of phylogenies can be transformed to improve agreement with 
Brownian motion assumption. 

If the assumptions are not met, then in extreme cases using independent contrasts 
might be worse than simply treating the species data as though they were 
independent (Harvey and Rambaut 2000). 
  



Assumptions of the method 
Diagnostic plots can help   



Assumptions of the method 
Diagnostic plots can help  



Assumptions of the method 

The GLS linear model approach makes it easy to transform branch lengths of the 
tree to better meet the assumption of Brownian motion. Think of it as analogous to 
transforming data in statistical analysis. 

Under Brownian motion, Pagel’s phylogenetic signal λ = 1.  

If phylogenetic signal λ is less than one, each of the non-diagonal elements of the 
phylogenetic matrix can be multiplied by the estimated λ. This allows us to fit a 
model in which phylogenetic signal in the data is weaker than expected under 
simple Brownian motion.  

The ape package in R can finds the “best”  

estimate of λ for a given data set using  
maximum likelihood. We’ll try this in  
the workshop. 



Categorical species data 
 
Patterson and Givnish (2002) found that lily species 
flowering in the low light environment of the forest 
understory, such as the blue bead lily (Clintonia borealis), 
tend to have small and inconspicuous flowers whitish or 
greenish in color.  

 
 
 
Lilies that live in sunny, open habitats, or that live in 
deciduous woods but flower before the tree leaves come 
out, such as the Turk's-cap lily (Lilium superbum), tend to 
have large, showy flowers.  
 



Categorical species data 
 
Data from 17 lily species indicated an almost perfect association between habitat 
and flower type. All ten species flowering in open habitats had large and showy 
flowers. Six of the seven species flowering in shaded habitats had relatively small 
and inconspicuous flowers. This seemed like a strong association. 
 
 Open habitat Shaded habitat 
Showy flowers 10 0 
Inconspicuous flowers 1 6 



Categorical species data 
 
But the phylogeny of the group reveals 
the same problem as in the water 
strider example: closely related 
species tend to be similar.  
 
Even though there are 17 species, 
there might have been as few as three 
transitions between habitats in the 
past, leaving fewer effective data 
points than first assumed.



Categorical species data 
Pagel (1994) developed a maximum likelihood method for analyzing discrete 
characters. The method assumes that evolution in each trait mimics a discrete 
random walk in time (Markov process). 
 
It estimates the transition rates q between states through time on a phylogeny. 
 
It uses likelihood to estimate and test how transitions between states in one trait 
(e.g., flower conspicuousness) depend on the character states of a second trait 
(e.g., habitat). 
 
The method is implemented in the 
corHMM package in R.  



Problems with Pagel’s method 
 
Maddison & and Fitzjohn (2015) The unsolved challenge to phylogenetic correlation tests 
for categorical characters. Syst. Biol. 64:127–136. 
 
“… Pagel’s test is susceptible to yielding significant results from the effects of a single 
change in one of the characters, …. Other tests suffer the same problem, which we will call 
“within-clade pseudoreplication”. 
 
Boyko & Beaulieu (2023) “there may, in fact, be a statistical solution to the problem posed 
by Maddison and FitzJohn naturally embedded within the expanded model space afforded 
by the hidden Markov model (HMM) framework. We demonstrate that the problem of 
single unreplicated evolutionary events manifests itself as rate heterogeneity within our 
models and that this is the source of the false correlation. Therefore, we argue that this 
problem is better understood as model misspecification rather than a failure of comparative 

methods to account for phylogenetic pseudoreplication.  



Modified model for categorical states 
 
Boyko & Beaulieu (2023): “We developed and tested a hidden Markov independent 
model (HMIM) which accounts for rate heterogeneity while maintaining the 
independence of the observed focal characters X and Y”. 
 
The method is implemented in the corHMM package in R   



Is phylogenetically independent contrasts/GLS also susceptible?  
 
Uyeda, J. C., R. Zenil-Ferguson, and M. W. Pennell. 2018. Rethinking phylogenetic 
comparative methods. Syst. Biol 67: 1091-1109. 
 
“...phylogenetically independent contrasts can be misled by a single extraordinary 
event...” 
 
Method development continues apace.   



Phylogenetic methods have many applications 
  



Phylogenetic methods have many applications  
  



Workshop on phylogenetic comparative methods 
 
This Thursday!  



R: an embarrassment of riches 

cran.r-project.org/web/views/Phylogenetics.html 

  
  

http://cran.r-project.org/web/views/Phylogenetics.html


Use R! 
 
This course was an introduction to more advanced methods in data analysis in ecology and 
evolution, how they work, and how you can avoid some of the most common 
misinterpretations and perils. 
 
We also reviewed basic concepts like confidence intervals, likelihood, Bayesian probability, 
model selection, etc, that I hope changed the way you think about how to analyze your 
data and what you can hope to infer from it. 
 
These concepts and methods will likely be useful to your future work. Hopefully you have a 
basis to go further as needed. 
 
Lots of people use R for data analysis here, so there is help all around. Start a data analysis 
group! 
 
Bye! 
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