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Myotis lucifugus (alascensis, carissima, lucifugus, relictus)

Myotis evotis (evotis, pacificus, jonesorum, chryonotus)

Myotis thysanodes (aztecus, thysanodes, pahasapensis, vespertinus)
Myotis keenii
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STEM: Analytical calculation of phylogeny under a coalescent
model that accounts for the loss of ancestral polymorphism
due to genetic drift.
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TECHNICAL ADVANCES

SpedeSTEM: a rapid and accurate method for species
delimitation
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* two extremes (species as OTUs, subspecies as OTUs)

* 148 other hierarchical permutations for these data . . .
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Lineage composition -InL k AIC Ai L (Model|data) w;
Clock-like loci

Mtp_Mit Mtv. Mla, Mlc, MIL, Mlr, Mej. Mec 570533 8 1157.065  0.000 1.000 0.685
Mtp_Mitv. Mtt. Mla, Mlc, MIL, Mlr. Mej, Mec 570533 9 1159.065  2.000 0.135 0.093
Mitt_Mitp. Mtv, Mla, Mlc, MIl, Mlr, Mej. Mec 570533 9 1159.065  2.000 0.135 0.093
Mtt_Mtv, Mtp. Mla, Mlc, MIL, Mlr. Mej, Mec 570533 9 1159.065  2.000 0.135 0.093
Mtp_ Mit Mtv. Mla_Milc, MI1, Mlr, Mej. Mec 573375 7 1160.751  3.686 0.025 0.017
Mtp. Mit, Mtv. Mla, Mlc, ML, Mlr. Mej, Mec 570533 10  1161.065  4.000 0.018 0.013
Mtp_Mitv, Mtt, Mla_Mile, MIL, Mlr, Mej. Mec 573375 8 1162751  5.686 0.003 0.002
Mtt_Mitp, Mtv. Mla_Milc, MIL, Mlr, Mej. Mec 573375 8 1162751  5.686 0.003 0.002
Mtt Mtv, Mtp. Mla_Milc, MIL, Mlr. Mej. Mec 573375 8 1162751  5.686 0.003 0.002
Mitp. Mtt, Mtv, Mla_Mie, ML, Mlr, Mej. Mec 573375 9 1164751  7.686 0.000 0.000

Information theory metrics for 10 models!
» four models account for 96.4% of the total model probability
« all treat subspecies within M. evotis and M. lucifugus as evolutionary lineages

» difference among top models derived from pretending variable . . .

Carstens & Dewey, 2010
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?ﬂ} SPECIES DELIMITATION WITH ABC AND OTHER
COALESCENT-BASED METHODS: A TEST OF
ACCURACY WITH SIMULATIONS AND AN
EMPIRICAL EXAMPLE WITH LIZARDS OF THE
LIOLAEMUS DARWINII COMPLEX
(SQUAMATA: LIOLAEMIDAE)
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Species delimitation?
ABC > BPP > spedeSTEM

BPP (Yang & Rannala 2010)
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Why do we choose certain models to analyze our data?
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Assumptions of model
* fis constant (equal on each branch of ST)
* data are evolving in a manner consistent with the molecular clock

* shared polymorphism results from incomplete lineage sorting (no
gene flow)



* species tree methods do not consider population level processes
such as gene flow or population expansion

* gene flow will decrease the accuracy of phylogeny estimation

Molecular Phylogenetics and Evolution 49 (2008) 832-842

Contents lists available at ScienceDirect

Molecular Phylogenetics and Evolution

journal homepage: www.elsevier.com/locate/ympev

Does gene flow destroy phylogenetic signal? The performance of three methods
for estimating species phylogenies in the presence of gene flow

Andrew J. Eckert?, Bryan C. Carstens®*
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Little brown bat subpecies (Myotis lucifugus)
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How do we detect gene flow? Use a program such as Migrate-n to estimate it . . .

Maximum likelihood estimation of a migration matrix
and effective population sizes in n subpopulations
by using a coalescent approach

Peter Beerli* and Joseph Felsenstein

Department of Genetics, University of Washington, Box 357360, Seattle, WA 98195-7360
PNAS | April 10,2001 | vol.98 | no.8 | 4563-4568

Contributed by Joseph Felsenstein, February 9, 2001

Estimates 6 = 4Neu and M =m / u using an n-island model.

4 3

Fig. 1. n-island model with four populations of equal size, exchanging
migrants with equal rates.



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

M. I. alacensis L
M. I. carisssima

M=m/u

wom oo
WA
8

M. . relictus M. I. lucifugus
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Unified Framework to Evaluate Panmixia and Migration Direction
Among Multiple Sampling Locations

Peter Beerli' and Michal Palczewski

Department of Scientific Computing, Florida State University, Tallahassee, Florida 32306

Manuscript received November 27, 2009
Accepted for publication February 17, 2010

Migrate-n 3.6 has the ability to calculate marginal likelihoods, so
migration models can be evaluated using information theory.
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How do we detect gene flow? Use a program such as Migrate-n to estimate it . . .
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Same data, different interpretations . . .



* If we choose a species tree / delimitation approach, we infer
that each subspecies within M. [ucifugus 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 that they are not independent).



How do we analyze genetic data in phylogeography?

Summarize genetic variation with statistics
* Fs1,0,
Estimate parameters using some model

e Nm with Wright' s Island model
e rates of gene flow with a coalescent-model

e genealogies using a phylogenetic model

Use these statistics or estimates to understand or infer the
evolutionary history that produced the genetic variation.






Summaries and estimates are formally generated, but interpreted
by researchers in a qualitative manner.

* over-interpretation — more detailed historical scenarios are
proposed than the data support (Knowles & Maddison 2002)

e confirmation bias — novel information is interpreted in a
manner consistent with preconceived ideas (Nickerson 1998)

Knowles & Maddison (2002) suggest that phylogeographic
hypothesis testing should be used to test demographic models.



Phylogeographic Hypothesis-testing

Prob (data | null model is true) is calculated, but because
genetic data are not independent and identically distributed,
parametric simulations are used to construct the test distribution.
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Single-refugium model Dual-refugia model
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* rejecting an unrealistic hypothesis tells us nothing useful
about an empirical system

« H, testing may promote false confidence regarding our
understanding of the system, and we can not differentiate
among hypotheses that can not be rejected
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Our goal is to identify the historical forces that generate
biodiversity — this requires that we understand the historical
demography of the species.

* We can not replicate evolutionary history.

* We do not have experimental controls.

Phylogeography is a historical discipline . . . that has relied on
statistical tools developed for experimental research.



How can we move past phylogeographic hypothesis testing?

* we can assess the fit of the models that we utilize
(Bayesian model checking)
 we can choose the best model among a bunch of choices

(phylogeographic model selection)




Bayesian model-checking allows an evaluation of the
statistical fit of complex models to the data.

Integrate over the uncertainty in parameter estimates by
simulating from the posterior distribution.

Bayesian model-checking




e Information theory is a statistical framework developed for
quantifying the loss of information that occurs when a model is
used to describe reality (KL distance; Kullback & Leibler 1951).

e Akaike (1973) linked K-L distance and maximum likelihood.

e We calculate Prob (Hj | data) for j hypotheses and rank them
using AlC. ] |

Information theoretic approaches
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Parameter estimation depends on the parameters included in the
model used to estimate the parameters.
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RESEARCH ARTICLE

Conservation genetic inferences in the carnivorous pitcher plant
Sarracenia alata (Sarraceniaceae)

Margaret M. Koopman - Bryan C. Carstens



Bayesian Model-checking using Posterior Predictive Simulation

A AN
»°® REVIEW

REVIEW: EVOLUTION

Bayesian Inference of Phylogeny and
Its Impact on Evolutionary Biology

John P. Huelsenbeck,* Fredrik Ronquist,” Rasmus Nielsen,® Jonathan P. Bollback’

Too big... ...too small... too Bowie ...



posterior likelihood prior

probability
PelTree | D _ Pr[Data | Tree] X Pr[Tree]
r[Tree | Data] = Pr[Data]

#NEXUS
[ID: ©852508174]
begin trees;
translate
1 Anrm,
2 Bnrm,
3 Cnrm,
4 Cnc,
5 Dnc;
C
tree rep.1 = ((2:0.100000,(4:0.100000,5:0.100000):0.100000):0.100000,3:0.100000,1:0.100000);
tree rep.1000 = ((3:0.006993,(4:0.006555,5:0.007229):0.000554):0.014269,2:0.001265,1:0.007926) ;
tree rep.2000 = ((5:0.012335,(3:0.000672,4:0.000022):0.004186):0.016851,2:0.002214,1:0.005338);
tree rep.3000 = (((4:0.013396,3:0.001861):0.010962,5:0.000552):0.001771,2:0.000542,1:0.001639);
tree rep.4000 = ((4:0.002758,(3:0.005498,5:0.003617):0.005864):0.006643,2:0.005980,1:0.025120);
tree rep.5000 = ((4:0.001777,(3:0.000789,5:0.001393):0.006475):0.013680,2:0.004508,1:0.006280) ;
[}
[}
[}
[}

tree rep.6000 = ((5:0.002306,(4:0.002026,3:0.000966):0.003021):0.016065,2:0.008722,1:0.011203);
tree rep.7000 = (2:0.005251,((5:0.004186,4:0.003543):0.002246,3:0.001565):0.007210,1:0.002549);
tree rep.8000 = (2:0.003825,((3:0.000630,5:0.003034):0.001699,4:0.006023):0.022671,1:0.025138);
tree rep.9000 = (2:0.000986,((5:0.013872,4:0.005184):0.001416,3:0.003382):0.005159,1:0.003640);
tree rep.10000 = (2:0.004103,((3:0.000307,5:0.003384):0.000849,4:0.010198):0.002563,1:0.019618);
tree rep.11000 = ((3:0.001570,(5:0.009439,4:0.003157):0.008600):0.008988,2:0.020539,1:0.001156) ;
tree rep.12000 = (2:0.005935,(5:0.005158,(3:0.001101,4:0.003551):0.000527):0.012832,1:0.001782);
tree rep.13000 = (((3:0.000084,4:0.001978):0.001340,5:0.005619):0.021711,2:0.003141,1:0.004153);
tree rep.14000 = (((3:0.002721,5:0.003063):0.000965,4:0.002150):0.017916,2:0.002912,1:0.001911);
tree rep.15000 = (((5:0.003662,4:0.008229):0.001214,3:0.004921):0.003048,2:0.003570,1:0.005086) ;
rep.16000 = (2:0.001223,(4:0.009145,(5:0.002650,3:0.005159):0.000760) :0.023695,1:0.005769);

0
0
0
0
0
0
0
0




posterior

orobability likelihood

Pr[Data | Tree] X Pr[Tree]
Pr[Data]

prior

Pr[Tree | Data] =

* simulate from posterior
 generate predictive distribution
« compare to empirical data
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REVIEW: EVOLUTION

Bayesian Inference of Phylogeny and

Fig. 3. The posterior predictive distributions for
tests of (A) the adequacy of the GTR model, (B)
of the adequacy of the Jukes-Cantor model,
and (C) the hypothesis of constant nucleotide
frequencies over time. The arrows above the
distributions show the observed value of the
test statistics.

Its Impact on Evolutionary Biology

John P. Huelsenbeck,'* Fredrik Ronquist,> Rasmus Nielsen,? Jonathan P. Bollback’




posterior likelihood prior

probability
PriTree | D _ Pr[Data | Tree] X Pr[Tree]
r[Tree | Data] = Pr[Data]

Multispecies Coalescent model (implemented in *Beast)

L(gi)=P(d;|gi)- Likelihood of the data, given genealogy.
L(u;)=P(g;lu;).  Likelihood of genealogy; given the molecular clock;

L(S)=P@;|S;). Likelihood of the molecular clock; given the species tree*

- P(S) is the joint prior probability
P(S|D P(d;|gi)P(g;|u;)P(u;|S)P(S)du;dg;. C i .
Gl )O(il:!g[u/- (ilgi)P(8ilui)P (il S)P(S)duidg distribution on the species tree*
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Phylogenetic

likelihood Relaxed clock NCI:::;?:::ES Species tree
*BEAST P (D IG) Posterior P (GIU) Posterior P (U IS) Posterior P (S)

analysis ::' '::::‘: 3:: distribution | <€====== | distributionof | €=====* | distributionof | €======
model . =) | of gene trees —) | coalescent trees | =) | species trees

I Compare 1 I Compare I

Post-er!or Predictive Predicti <o
predictive distribution of distribution of a) Test the fit of coalescent
model check sequence data data to gene trees coalescent trees genealogies to their species trees

4 /25 data sets had poor fit on the species tree level
44 / 240 loci were outliers on the sequence data level
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 analyzed data using *Beast (species tree model)
« 50 million generations represented in posterior distribution

posterior predictive simulations using our R-package (Gruenstaeud| et al. in review)
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1.
Gene trees Pop B [
2. Population assignments Pop C ||

3. Max K (max number of free parameters; t, m, N,)
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Phrapl functions: Define all possible models

Isolation only Migration only Isolation + Migration
A B C A B C A B C

R [
IJ i

A B C A B C
DT
T
>
<>




T I LT &5

A 3 3
o] S <
olwmc
. o
- o o Ht
U%A —
o - E
L )
S
M

BT T P T
I %] [958 P =2
T Y T U [
T T T e
8y U7 T T Y
= [ B 1y [
o T Ty R T
T Y T e
=Y T T e



i o
T T RIS T
= W] [P 5 2T
TSP T U [T g

prob(topology( b d) | 1,ml,Nel)=IikeIihood

T T T e el
TP T TT =7 I M
il ) < B
[ il e
o = = -

=Y LT T [

e
@)
@)

-
Q

—
Q
-—
qe)
&
X
o
—
Q.
o
(qv)
W
-
o

=
@)
-
)

(S
o
qv)
—_

e

(ol







Phrapl functions: model parameters are optimized using grid values
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InL = In(1/50) = -3.912
AIC=3.912+2*3=9.912

InL = In(5/50) = -2.303

AIC=2.303 +2*1=4.303



Phrapl output: comparing model fit using AIC

model
546
376
394
330
288
91
399
200
30
69
25
615
291
322
549
72
632
635
97
272
240
415
560

b wWwbes e REEREEELELELEWWDRERDREREWDRELLREEREAWRX

InL
-52.79157
-53.23296
-54.81089
-54.86685
-55.09833
-56.14528
-55.19640
-55.49627
-55.52415
-56.91221
-56.91288
-55.92477
-55.93903
-56.12679
-56.14120
-56.15484
-56.19445
-56.43589
-56.44301
-56.49789
-57.50589
-56.62749
-56.66308

AIC
111.58314
114.46593
117.62177
117.73369
118.19665
118.29055
118.39280
118.99254
119.04829
115.82441
119.82575
115.84954
115.87806
120.25357
120.28239
120.30967
120.38889
120.87178
120.88601
120.99579
121.01177
121.25498
121.32615

dAIC
0.00000
2.88300
6.03900
6.15100
6.61400
6.70700
6.81000
7.40900
7.46500
8.24100
8.24300
8.26600
8.29500
8.67000
8.69900
8.72700
8.80600
9.28900
9.30300
9.41300
9.42900
9.67200
9.74300

AIC_weights
0.55011
0.13014
0.02686
0.02540
0.02015
0.01923
0.01827
0.01354
0.01317
0.00893
0.00892
0.00882
0.00869
0.00721
0.00710
0.00700
0.00673
0.00529
0.00525
0.00497
0.00493
0.00437
0.00421

taul,
taul,
taul,
taul,
taul,
Nel,
taul,
taul,
Nel,
Nel,
Nel,
taul,
taul,
taul,
taul,
Nel,
taul,
taul,
Nel,
taul,
taul,
taul,
taul,

parameters
tau2, Nel
Nel, Ne2, ml
tau2, Nel, ml
Nel, Ne2, ml
Nel, ml, m2
Ne2, ml

tau2, Nel, Ne2
Nel, ml, m2
ml, m2, m3
ml, m2

ml, m2

Nel, ml, m2
Nel, ml, m2
Nel, Ne2, ml
tau2, Nel, ml
ml, m2, m3
Nel, ml, m2
Nel, ml, m2
Ne2, ml, m2
Nel, ml, m2
Nel, ml

Nel, ml, m2
tau2, Nel, ml



Challenge #1: model space quickly gets enormous

1,000,000 A

100,000 4

Number of 10,000 -
models 1000 -
100 -

10 -

4 populations _

3 population

2 populations

K (number of free parameters)



number of trees

1e+182

1e+157

1e+132

1e+109

1e+86

1e+64

1e+43

1e+21

1e+00

Challenge #2: tree space quickly gets enormous

0 20 40 60 80 100
number of OTUs

# of atoms in universe



Tree probabilities are not uniform
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Sample labels within populations arbitrary

Observed A1 A2 B1 B3 B C C
2 1 2
Simulated A1 A2 B1 B2 B CcC C

Match based on all possible labeling, then correct for this
i.e., three possible permutations, so if there is a match divide by 3 to get probability



Polytomies treated as soft in gene trees (optional)

Observed A1 A2 B1 B3 B

-0
O NO

Simulated A1 A2 B1 B2 B

@)

Match based on all possible resolutions, then correct for this



Subsampling reduces gene tree space and sampling variance

Observed A1 A2 B1 B3 B

o
-0
O NO

Simulated A1 A2 B1 B2 B

@)




M 1. alacensis
M. 1. carissima 57
M. 1. relictus

M. 1 lucifigus

Me.clysonotus 99.2m
M. e. jonesorum 100 75 —1130,033m
M. 1. hysanodes ** w128
M. 1. pahasapensis w136
96
M. 1. vespertinus
M. keenii
M. volans
100
o7 | eSS, was7
95 ©2L1zse
L— w256
Cytb w107
77
0.002 subs. / site
w77
st
e —"y"
94 d255
1

735f

0.006 subs.

M. 1. alacensis
M. 1. carissima
M. 1 relictus

M. 1 lucifugus
M.e. chrysonotus
M. e. jonesorum
M. 1. thysanodes
M. 1. pahasapensis
M. 1. vespertinus
M. keenii

M. volans

td130, db4_13

td257b, td258
03_3m

99_2m

td256, td257a

95 ’7
td262b, td52
e

td41

td112 db107
td262

681a
———— 0.009 subs / site

41
3 ,td105., td112

M. . alacensis
M. | carissima
ML relctus
M1 hucifigus
M.e. chrysonotus
M.e.jonesorum
M.t thysanodes

w136 M. 1. pahasapensis

734z 14256 M. vespertinus
W M keenii
0.009 subs / site M. volans

d105.b, td262

681b

———0.004 subs. / site
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® 95 ws2a

tds2b

735b

— 0.006 subs. / site

db4_13, 10255b
S8 T s

td77
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9%

Multiple empirical loci can be compared to the same simulate

gene tree distribution, and run time increase is less than linear.
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Custom sequence capture probes synthesized by MYcroarray.

Ultra Ariadna
Sequenced Conserved Anonymous Total / plole et
Exons Elements loci Sample
Mluc34 1055 15 0 1070
Mluc37 2067 76 23 2166
Mevo3 2814 180 31 3025
Mevo4 1184 42 6 1232
Mevo5 3824 317 40 4181
Mvol6 3964 309 37 4310
Mvol7 3220 229 31 3480
Mvol8 3645 180 25 3850
Average 2721.6 168.5 24.1 2914.3

u MYcroarray

Custom molecular baits,

probes and building blocks




How does PHRAPL perform?



Analyzing simulated data

m=0 to 0.5
t;,=0.5t02
t,=1.25to 4
migration only isolation only isolation + migration
B C A
A C B
A B C A B C




Analyzing simulated data

Proportion of
analyses where
top AIC model
= true model

1.0

0.9

0.8

0.7 —

0.4 —

0.3

0.2

0.1 —

—

0.0 -

-

10 20 50 100

Number of loci



Analyzing simulated data

model-
averaged 1.0-

m
m 05 / / BDA

_____ true value
estimated value



Analyzing simulated data

A, B C
<>
Time parameter estimation t,
t2
Shallow
divergence

Medium Deep
divergence divergence

t, =2

=4

15 j; 15 —}; 15 j;
g t1=0.5 g8 t1=1 8
model- 6 — t2 =1.25 6 — tz =2 6
averaged . e 4 -
t
2 2 7 = e
0 Ig__:_‘.:—’—T 0 — f/"‘% 0 — I I
t, t, t 5 4 5

time parameters

_____ true value
estimated value




Little brown bat subpecies (Myotis lucifugus)
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Little brown bat subpecies (Myotis lucifugus)
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Little brown bat subpecies (Myotis lucifugus)
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Of the 216 models considered by the PHRAPL analysis, the top 5

(which account for > 0.98 of the total model probability):

e all havet
e all incluc
* none inc

migration_model

Mlc-MIl migration

Mlc-MIr migration
Mla-Mlc migration
Milr isolated

Mla-MIl migration

topology models

(((a,N)r)e)
(((a,1)r)c)
(((a,1)r)c)
(((a,Nr)e)
(((a,Nr)e)

4101

4113

4162

4104

4099

ne same topology
e migration
ude a change in population size

AIC

123.2317919

123.5109318

126.1114743

126.7170439

127.0635014

InL

-57.61589594

-57.75546588

-59.05573715

-59.35852193

-59.5317507

AAIC

0.279
2.88
3.485

3.832

wi

0.404526853

0.351854634

0.095843641

0.07082543

0.059544154

Cumulative
0.404526853
0.756381487
0.852225127
0.923050557

0.982594711




The topology is the same as that estimated by *Beast!
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The topology is the same as that estimated by *Beast!

Deep par
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0.002

« Common for gene flow to produce an underestimate of temporal
divergence (Leaché et al. 2014)

* Future expansion of PHRAPL to species delimitation ...
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