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lnL = -570.533 
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Information theory metrics for 10 best models… 
 
•  four models account for 96.4% of the total model probability 
 

•  all treat subspecies within M. lucifugus as independent evolutionary lineages 
 

Carstens & Dewey, 2010 



Species delimitation… 
ABC, BPP > spedeSTEM 

BPP (Yang & Rannala 2010) 



BPP (Yang & Rannala 2010) 

"species are groups of 
interbreeding natural 
populations that are 

reproductively isolated from 
other such groups." 



Why do we choose certain models to analyze our data? 



STEM: Assumptions of model. 
 
•  θ is constant  
•  the sequences are evolving under the molecular clock 
•  shared polymorphism results from incomplete lineage sorting  
 
 

•  Species tree methods ignore gene flow… 
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Little brown bat subspecies (Myotis lucifugus) 

(Hall 1981;Carstens & Dewey 2010) 
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How do we detect gene flow? Use a program such as Migrate-n to estimate it . . . 

Estimates θ =	  4Neµ	  and	  M	  	  =	  m	  /	  µ using an n-island model. 



How do we detect gene flow? Use a program such as Migrate-n to estimate it . . . 

θ  =	  4Neµ 
M	  	  =	  m	  /	  µ 

θ4	  =	  4.54	  

θ2	  =	  4.54	  

θ3	  = 5.08 

θ1	  = 5.08 
0.00035	  
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Migrate-n 3.6 has the ability to calculate marginal likelihoods, so 
migration models can be evaluated using information theory. 



Optimal model finds that M. l. relictus is not connected via gene flow... 

M. l. lucifugus 
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M. l. alacensis M. l. carisssima 

(Hall 1981;Carstens & Dewey 2010) 
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•  If we choose a species tree / delimitation approach, we infer 

that each subspecies within M. lucifugus is an independent 
evolutionary lineage (and probably assume that these lineages 
do not exchange alleles). 

 
 
 
 

•  If we choose an n-island migration model, we infer that three of 
the four subspecies exchange alleles at a substantial rate (and 
thus infer that they are not independent). 



How do we justify our choices we analyze our data? 
 

•  we can assess the fit of the models that we choose 
 

•  we can choose the best model among a bunch of choices 



prior likelihood posterior  
probability 



prior likelihood posterior  
probability 

•  simulate from posterior 
•  generate predictive distribution 
•  compare to empirical data 



prior likelihood posterior  
probability 

Multispecies Coalescent model (in 
*Beast) 

Likelihood of the datai given genealogyi 
 
 
 
Likelihood of genealogyi given the molecular clocki 
 
 
 
Likelihood of the molecular clocki given the species tree* 

P(S) is the joint prior probability 
distribution on the species tree* 



4 / 25 data sets had poor fit on the species tree level 
44 / 240 loci were outliers on the sequence data level 



•  analyzed data using *Beast (Heled & Drummond 2010) 
•  50 million generations represented in posterior distribution 
•  posterior predictive simulations using P2C2M (Gruenstaeudl et al. 2015) 
 



Difference (between posterior distribution and posterior 
predictive distribution) of some statistic or probability. 

- 100              0   100 
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•  posterior predictive simulations using P2C2M (Gruenstaeudl et al. 2015) 
 



•  analyzed data using *Beast (species tree model) 
•  50 million generations represented in posterior distribution 
•  posterior predictive simulations using P2C2M (Gruenstaeudl et al. 2015) 
 

Difference (between posterior distribution and posterior 
predictive distribution) of some statistic or probability. 

- 100              0   100 



•  analyzed data using *Beast (species tree model) 
•  50 million generations represented in posterior distribution 
•  posterior predictive simulations using P2C2M (Gruenstaeudl et al. 2015) 
 

Difference Distribution 

- 100              0   100 



•  A species tree model does not fit the Myotis lucifugus data… 

•  Rather than building machinery to test fit of model in 
Migrate-n, IMa2, or some other piece of software, we 
developed a general tool for phylogeographic model 
selection. 

 



PHylogeographic  
InfeRence  
     using  
         APproximated  
               Likelihood 

w/ Brian O’Meara, Nathan Jackson, Ariadna Morales-García 



≈	  

PHylogeographic InfeRence using APproximated Likelihoods 

w/ Brian O’Meara, Nathan Jackson, Ariadna Morales-García 



Input	  

1.	  Gene	  trees	  
Pop	  A	  
Pop	  B	  
Pop	  C	  2.	  Popula@on	  assignments	  

3.	  Max	  K	  (max	  number	  of	  free	  parameters;	  t,	  m,	  Ne)	  

locus1	   locus2	  

locus3	   locus4	  



Isola@on	  only	   Migra@on	  only	   Isola@on	  +	  Migra@on	  

Phrapl	  func@ons:	  Define	  all	  possible	  models	  

t1 

t2 

m1 

m2 

Ne1 

Ne2 

A	   B	   C	   A	   B	   C	   A	   B	   C	  

A	   B	   C	   A	   B	   C	   A	   B	   C	  

A	   B	   C	   A	   B	   C	   A	   B	   C	  



For	  each	  model…	  

Simulate	  large	  number	  	  
of	  trees	  

A	   B	   C	  

t1	  
m1	  

t2	  

Ne1	  

Phrapl	  func@ons:	  approximate	  likelihood	  



observed	  tree	  

expected	  trees	  

Calculate	  #	  of	  topological	  
	  matches	  

1 match / 50 simulated trees ≈ 
 prob(topology(observed) | τ1, m1, Ne1) = 
likelihood 

For each model… 
A	   B	   C	  

t1	  
m1	  

t2	  

Ne1	  

Phrapl	  func@ons:	  approximate	  likelihood	  
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Phrapl	  func@ons:	  model	  parameters	  are	  op@mized	  using	  a	  grid	  of	  values	  

	  	  

	  	  

Time	  to	  po
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n	  

merging
	  (t)	  Migra@on	  rate	  (m)	  

AIC	  



observed	  tree	  

expected	  trees	   expected	  trees	  

model 1 model 2 

lnL ≈ ln(5/50) = -2.303 lnL ≈ ln(1/50) = -3.912 

AIC = 2.303 + 2*1 = 4.303 AIC = 3.912 + 2*3 = 9.912 

t1	  
m1	  

t2	  

Ne1	  

t1	  

Ne1	  

Phrapl	  func@ons:	  approximate	  likelihood	  



Phrapl	  output:	  comparing	  model	  fit	  using	  AIC	  



Little brown bat subspecies (Myotis lucifugus) 

(Hall 1981;Carstens & Dewey 2010) 

(Hall 1981) 
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(Hall 1981) 
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Custom sequence capture probes synthesized by MYcroarray 

Ariadna  
Morales-García 

~1100 UCE loci 
~2800 exons 
~100 anonymous loci 



Consider 216 models using 100 UCE loci: 
 
•  island (4-population) 
•  divergence only 
•  divergence with gene flow 
•  secondary contact 



model	  (m)	   topology	   AIC	   wAIC	  
Mlc-‐Mll	  migra@on	   (((l,r)a)c)	   2271.70235	   0.99955678	  
Mlr-‐Mll	  migra@on	   ((c,l)(r,a))	   2287.143951	   0.00044322	  
Mlr-‐Mll	  migra@on	   ((c,r)(a,l))	   2341.788941	   6.03E-‐16	  
Mlc-‐Mll	  migra@on	   (((c,r)a)l)	   2366.068324	   3.22E-‐21	  

Mlr	  isolated	   (((l,r)a)c)	   2433.450902	   7.52E-‐36	  
Mlr-‐Mll	  migra@on	   ((a,r)(c,l))	   2478.304448	   1.37E-‐45	  

Mla	  isolated	   ((l,r)(a,c))	   2481.319285	   3.03E-‐46	  
full-‐symmetric	   (((l,r)a)c)	   2501.659771	   1.16E-‐50	  
full-‐symmetric	   ((c,l)(r,a))	   2517.717369	   3.79E-‐54	  
full-‐symmetric	   ((a,l)(c,r))	   2523.920644	   1.70E-‐55	  
full-‐symmetric	   ((l,r)(a,c))	   2524.057685	   1.59E-‐55	  
full-‐symmetric	   ((a,r)(c,l))	   2524.606804	   1.21E-‐55	  
full-‐symmetric	   ((c,r)(a,l))	   2524.606804	   1.21E-‐55	  
full-‐symmetric	   ((a,c)(l,r))	   2526.263385	   5.28E-‐56	  
no	  migra@on	   (((l,r)c)a)	   2710.72578	   4.65E-‐96	  
Mlc	  isolated	   (((a,l)r)c)	   2721.973848	   1.68E-‐98	  
Mll	  isolated	   ((l,r)(a,c))	   2743.6133	   3.35E-‐103	  
no	  migra@on	   (((a,r)l)c)	   2744.941628	   1.73E-‐103	  
Mll	  isolated	   (((a,r)l)c)	   2745.158291	   1.55E-‐103	  
no	  migra@on	   (((c,r)l)a)	   2745.615323	   1.23E-‐103	  
no	  migra@on	   ((c,l)(r,a))	   2748.33777	   3.16E-‐104	  
Mll	  isolated	   (((c,r)l)a)	   2748.744249	   2.58E-‐104	  
no	  migra@on	   (((a,l)r)c)	   2750.409452	   1.12E-‐104	  
Mll	  isolated	   (((c,r)a)l)	   2759.753459	   1.05E-‐106	  

Consider 216 models using 100 UCE loci: 
 
•  island (4-population) 
•  divergence only 
•  divergence with gene flow 
•  secondary contact 



model	  (m)	   topology	   AIC	   wAIC	  
Mlc-‐Mll	  migra@on	   (((l,r)a)c)	   2271.70235	   0.99955678	  
Mlr-‐Mll	  migra@on	   ((c,l)(r,a))	   2287.143951	   0.00044322	  
Mlr-‐Mll	  migra@on	   ((c,r)(a,l))	   2341.788941	   6.03E-‐16	  
Mlc-‐Mll	  migra@on	   (((c,r)a)l)	   2366.068324	   3.22E-‐21	  

Mlr	  isolated	   (((l,r)a)c)	   2433.450902	   7.52E-‐36	  
Mlr-‐Mll	  migra@on	   ((a,r)(c,l))	   2478.304448	   1.37E-‐45	  

Mla	  isolated	   ((l,r)(a,c))	   2481.319285	   3.03E-‐46	  
full-‐symmetric	   (((l,r)a)c)	   2501.659771	   1.16E-‐50	  
full-‐symmetric	   ((c,l)(r,a))	   2517.717369	   3.79E-‐54	  
full-‐symmetric	   ((a,l)(c,r))	   2523.920644	   1.70E-‐55	  
full-‐symmetric	   ((l,r)(a,c))	   2524.057685	   1.59E-‐55	  
full-‐symmetric	   ((a,r)(c,l))	   2524.606804	   1.21E-‐55	  
full-‐symmetric	   ((c,r)(a,l))	   2524.606804	   1.21E-‐55	  
full-‐symmetric	   ((a,c)(l,r))	   2526.263385	   5.28E-‐56	  
no	  migra@on	   (((l,r)c)a)	   2710.72578	   4.65E-‐96	  
Mlc	  isolated	   (((a,l)r)c)	   2721.973848	   1.68E-‐98	  
Mll	  isolated	   ((l,r)(a,c))	   2743.6133	   3.35E-‐103	  
no	  migra@on	   (((a,r)l)c)	   2744.941628	   1.73E-‐103	  
Mll	  isolated	   (((a,r)l)c)	   2745.158291	   1.55E-‐103	  
no	  migra@on	   (((c,r)l)a)	   2745.615323	   1.23E-‐103	  
no	  migra@on	   ((c,l)(r,a))	   2748.33777	   3.16E-‐104	  
Mll	  isolated	   (((c,r)l)a)	   2748.744249	   2.58E-‐104	  
no	  migra@on	   (((a,l)r)c)	   2750.409452	   1.12E-‐104	  
Mll	  isolated	   (((c,r)a)l)	   2759.753459	   1.05E-‐106	  

Consider 216 models using 100 UCE loci: 
 
•  island (4-population) 
•  divergence only 
•  divergence with gene flow 
•  secondary contact 



Phrapl’s top model 
100 UCE loci 
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7 loci Carstens & Dewey 
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Little brown bat subspecies (Myotis lucifugus) - more sampling in progress... 

(Hall 1981;Carstens & Dewey 2010) 

(Hall 1981) 

Phrapl w/ 100 UCE loci 
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Poor estimates of phylogeny … 



Speciation with gene flow may be common… 



Speciation with gene flow may be common… 
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exploration using published phylogeographic data 

phylogeographic inference using approximated 
likelihoods 

da
ta

se
ts

 model-averaging of 
parameter values 
accounts for model 
uncertainty. 
 
 



exploration using published phylogeographic data 

phylogeographic inference using approximated 
likelihoods 



Simulation testing: Isolation - only model 

phylogeographic inference using approximated 
likelihoods 

Black bar = proportion of replicates generating model had highest AIC score.  
Grey bar = proportion of replicates generating model had second highest AIC score.  



Simulation testing: Isolation-with-Migration model 

phylogeographic inference using approximated 
likelihoods 

Black bar = proportion of replicates generating model had highest AIC score.  
Grey bar = proportion of replicates generating model had second highest AIC score.  



Simulation testing: Island Migration model 

phylogeographic inference using approximated 
likelihoods 

Black bar = proportion of replicates generating model had highest AIC score.  
Grey bar = proportion of replicates generating model had second highest AIC score.  



Simulation testing: Mixed model 

phylogeographic inference using approximated 
likelihoods 

Black bar = proportion of replicates generating model had highest AIC score.  
Grey bar = proportion of replicates generating model had second highest AIC score.  


