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“It is really laughable to see what different 
ideas are prominent in various naturalists’ 
minds, when they speak of ‘species.’…It all 
comes, I believe, from trying to define the 
undefinable.” 

Darwin referred to defining species 
as an already old problem.

Species concepts & species delimitation



Species are fundamental units in comparative 
studies in ecology, evolution & biodiversity 

A species concept is the primary theoretical 
defining property of the species category 

Species delimitation is the process of 
determining the boundaries and numbers of 
species from empirical data.

Figure from Origin of Species

Species concepts & species delimitation

"limbs divided into great branches ... were themselves once, when the tree was small, budding twigs; and this 
connection of the former and present buds by ramifying branches may well represent the classification of all 
extinct and living species in groups subordinate to groups" (Origin of Species, Darwin 1859)



 Biologists generally disagree on matters concerning “species” 

• Over 24 different species definitions

Species concept Brief Definition Reference
Biological Reproductively isolated groups Mayr 1940

Ecological Different niche or adaptive zone Van Valen 1976

Morphological Phenotypically distinct Cronquist 1978

Phylogenetic Monophyletic gene trees  Mishler 1985

Species concepts & species delimitation



sexual reproductionno sex (unisexual parthenogens)sometimes sex (sexual or asexual)

No single operational criterion is relevant for all organisms

too much sex (hybridize regularly)spontaneous sex (selfing, polyploidization)can’t have sex (allopatry, pre-mating isolation)

Species concepts & species delimitation



Described by  
John Edward Gray 

1842

Hemidactylus fasciatus

biokoensiseniangii

kyaboboensis
coalescens

Empirical example: species concept prejudice



“This is a road which shits on 250 years of morphological and 

taxonomic research.”  

“If this becomes more common, then I guarantee you to reject 

every single ms which I will be a reviewer on.” 

“I find your approach "disgusting" and a kick into the face of 

all the taxonomists who are working really hard to find 

characteristics to describe new species and to identify 

synonyms.” 

“You have just opened Pandora's box and though I have no 

idea how you could get through the reviewer process with 

such "diagnoses", I just do not want to have anything to do 

with such an approach, as long as it does not include proper 

morphological diagnosable characters.”

Empirical example: species concept prejudice



• Most people respect & value diversity within species.  

• Likewise, biologists should embrace the diversity of ways in which 
new species form. 

• Avoid speciation prejudice: mechanisms that produce biological 
diversity deserve “equal rights”;  
morphological, phylogenetic, & biological criteria each provide 
unique and irreplaceable evidence for describing the process of 
speciation. 

Species concepts & species delimitation



Species are independent evolutionary lineages 
(vague, but true)

DeQueiroz 1998

Many criteria  
previously coined “concepts”

Diagnosing lineages is the 
tricky part 

Species concepts & species delimitation



Mayden (1997) A hierarchy of species concepts: the denouement in the saga of the species problem.

Species concepts & species delimitation



Integrative taxonomy

Consider multiple sources of evidence for delimiting species

• Genetics 
• Geography 
• Ecology 
• Morphology 
• Behavior 
• Reproductive isolation 
• Physiology
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Genetic methods for species delimitation

Relationships among some methods for 
species delimitation with genetic data



Bayesian species delimitation: a multispecies coalescent method (Yang & Rannala, 2010) 

• BPP: Bayesian Phylogenetics & Phylogeography 

• Gene tree conflicts are due to lineage sorting 

• Gene tree uncertainty is accommodated (uses DNA sequences, not gene trees)  

• Estimates population sizes and divergence times 

Bayesian species delimitation



Bayesian species delimitation

Assumptions of the model (of virtually all multispecies coalescent models)  

• No migration 
• User-specified species assignments 
• Prior distribution for population sizes 
• Prior distribution for the root age 
• No recombination within loci 
• Free recombination among loci
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Estimate posterior probability of models  

using reversible-jump MCMC 
• Simulates posteriors on models of different dimensions 

• rjMCMC navigates through species delimitation models 
• Posterior is proportional to time spent at each model

Model Prior Posterior

“000” 0.2 0.01

“100” 0.2 0.01

“110” 0.2 0.03

“101” 0.2 0.8

“111” 0.2 0.15

Bayesian species delimitation



Posterior probabilities 

• Summary of posterior distribution on guide tree 

• Marginal probability for each speciation event 
   “1.0” – all models visited by rjMCMC support speciation 

     “0”  – all models visited by rjMCMC collapse node to 1 species

Model Prior Posterior
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Bayesian species delimitation



Interpretation: 
Strong support for 3 species: 

(assuming standard cut-off ≥ 0.95) 

The probability for model “101” is 0.8 

Is this significant?
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Bayesian species delimitation



Populations versus species

Protracted speciation model 
Distinguishes between populations and species, but both are treated as genetically 
isolated during simulation. Therefore, genetic data alone cannot distinguish the two.    
• “Population” identification with MSC is 100% accurate 
• “Species” identification with MSC is horrible 



Populations versus species

MSC overconfident & oversplits 
Model selection problem. If true model contains gene flow, then a model with more 
species is preferred over a model containing fewer species.

Heuristic species delimitation 
A possible solution for species delimitation that considers ILS and gene flow.

Jackson et al., 2017



Heuristic species delimitation

• Genealogical divergence index (gdi) – considers the effects of isolation and gene flow

Jackson et al., 2017; Leaché et al. 2018
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Computer simulation

The gdi ranges from 0 to 1:  
0 = panmixia 
1 = complete separation
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Empirical example: West African Forest Geckos 

Hemidactylus fasciatus
Described by  

John Edward Gray 
1842



Advantages: 
• Statistical model comparison.  
• Ranks multiple models. 
• Can compare nested or non-nested models. 

Disadvantages: 
• User must assign samples into putative species.  
• Does not search all possible models. 
• Common MSC model assumptions apply (no gene flow, etc.)

Bayes factor delimitation (BFD*) using marginal likelihoods

Leaché et al. 2014



Empirical example: West African Forest Geckos 
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BFD* workflow



Pr[Hi |X]
Pr[X |Hj]×Pr[Hj]∑

n

j=1

=
Pr[X | Hi] Pr[Hi]×

likelihood function prior probability

marginal likelihood

posterior probability

“probability of the data”

Estimating the marginal likelihood: necessary for Bayesian model comparison.

Marginal likelihood
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Estimating the marginal likelihood



•More species typically “better” 
•3 species > 4 species 
•5 species model > 6 species

“Models with more species are always better” 
This happens when models are designed using the species tree.

Example of models based on other evidence 

BFD* issues to consider



BFD* issues to consider

Missing data 
Models with more species could rank highest because they contain fewer SNPs. 
Consequence of SNAPP removing loci that do not contain any alleles for a species. 

Important to only use SNPs that are present for all species (in all models). 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Keep Lost Keep Lost Lost Keep Lost Keep Lost Lost

Two species 
8 SNPs

Four species 
4 SNPs



BFD* issues to consider

Gene flow  
Overconfidence in models containing more species is a Bayesian model selection problem. 

Dilemma of choosing among models that are both “wrong” (do not include gene flow).  
 
For species delimitation: if the true model is a two-species isolation–migration model, then 

an MSC model with no migration will view a two-species isolation model as less wrong than 
a one-species model, even if the migration rates are high enough to consider the 

populations a single species.





Coalescent theory

Population coalescent (n=2)

Past

Present
Population Genealogy

Coalescence: the 
merging of alleles as 
they are traced back 
in time to their 
common ancestors.

TMRCA



Coalescent theory

Probability of common parent: 

Probability of distinct parents: 

P2 = 1- P1 =

P1 = 1 
2N

1 – 1 
2N

Probability of coalescence depends on effective population size



Coalescent theory

Large population
slower time to coalesce  
to a single lineage

Probability of coalescence depends on effective population size

TMRCA

TMRCA

Small population
faster time to coalesce  
to a single lineage



Coalescent theory

Coalescence applied to multiple species

If samples all coalesce 
before reaching their 
ancestral populations, then 
the gene tree will match the 
true population history 
(species tree).



Coalescent theory

Coalescence applied to multiple species

If samples fail to coalesce 
before reaching their 
ancestral populations, then 
the genealogy may not 
match the true population 
history. This is called 
incomplete lineage sorting.
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The multi-species coalescent



Population size, theta, !

Diploid population, ! = 4Nu 

N is the effective population size 
u is the per-generation mutation rate.  

If theta=0.004, you expect to observe 0.4% variation between two randomly 
sampled alleles in a population. 4 SNPs in 1,000 bases. 

If theta=0.01, you expect to observe 1% variation between two randomly 
sampled alleles in a population. 1 SNP in 100 bases. 



Divergence time, tau, t

Expected species tree height, Time = tau = (u/generation) x Time 

u/generation = the per-yer mutation rate 
Time is absolute time 

If tau=0.004, you expect to observe 0.4% variation from the root of the tree 
to any tip of the tree. 4 SNPs in 1,000 bases, or 8 SNPs btwn. species. 


