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Biogeography

How life is distributed in space and time

“Every species has come into existence
coincident both in space and time with a
pre-existing closely allied species.”

AR Wallace, 1855

Watercolor, Joanna Barnum
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Some of the big puzzles

Where did ancestral species live?
How does range size affect speciation/extinction?
What species traits help/harm colonization?

How does geography affect range?
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Divergence time estimation
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Statistical phylogenetics
Familiar strategy:
Data matrix (homology)
Time-calibrated phylogeny

Transition probability of change along branches

Integrate over ancestral characters

Givesus L(X;0,T, M)



Character states Time-calibrated Data matrix
phylogeny

brocoma cinerea
brocoma bennettii
ctodontomys gliroides
ctodon bridgesi
ctodon lunatus

ctodon degus
conaemys porteri
conaemys sagei
conaemys fuscus
palacopus cyanus
ctomys mimax
ipanacoctomys aureus
ympanoctomys barrerae
tenomys haigi
tenomys boliviensis
tenomys steinbachi
Isothrix sinnamariensis
Isothrix bistriata

Isothrix barbarabrownae
Makalata macrura
Phyllomys brasiliensis
Makalata didelphoides
Phyllomys blainvillii
Toromys grandis
Echimys chrysurus
Mesomys occultus
Mesomys hispidus
Lonchothrix emiliae
Dactylomys dactylinus
Dactylomys boliviensis
Kannabateomys amblyonyx
Proechimys roberti
Proechimys longicaudatus
Proechimys simonsi
Proechimys quadruplicatus
Hoplomys gymnurus
Thrichomys apereoides
Myocastor coypus
Capromys pilorides
Trinomys dimidiatus
Trinomys iheringi
Trinomys yonenagae
Trinomys eliasi
Trinomys paratus
Trinomys setosus
Clyomys laticeps
Euryzygomatomys spinosus
Dinomys branickii
Lagostomus maximus
Lagidium viscacia
Chinchilla lanigera
Sphiggurus melanurus
Erethizon dorsatum
Coendou bicolor
Myoprocta acouchy
Dasyprocta leporina
Hydrochoerus hydrochaeris
Kerodon rupestris
Dolichotis patagonum
Microcavia australis
Cavia tschudii

Cavia porcellus

Cavia aperea

Galea musteloides
Cuniculus paca
Cuniculus taczanowskii
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Photo, José Cafas Upham & Patterson, 2012 (Mol Phylo Evol)



Species occurrence data Discrete presence-absence
(gbif.org, 2013) (Upham & Patterson, 2012)
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Individual or range

The individuals in a taxon share a range.

Discrete

Continuous

Individual
or Endemic

occupied area

geographical point

Range

set of occupied areas

set of geographical points




Data matrix

Xij taxon i, characterj

Continuous
e.g. latitude-longitude

X; = (6, \) = (38.54°N, 121.75° W)

Discrete
e.g. single area presence-absence (range)

Xi = Africa Xz — (0,0,170,0,1,1,1)



Models

Continuous

e.g. Brownian motion (Gaussian)

Pz — yit) = — exp{ (x_y)Q}

o\ 21 207

Discrete

e.g. continuous-time Markov chain

Plx — y;t) = [thLC ,



Island Model

Dispersal-only model
One area per taxon (endemic/individual)

Learn favored dispersal routes

Work by:
Sanmartin et al., 2008 (Syst Biol)
Lemey et al., 2009 (PLoS Comp Biol)



Island Model

I. Sanmartin, P. van der Mark and F. Ronquist

(a)JC (d) JC step

3

(b) Equal-in (e) Equal-in step
("

(c) GTR (f) GTR step
E@

Figure 2 Bayesian Island Models: Each circle represents an island; circle size represents the relative carrying capacity of the island
(expected number of lineages at equilibrium); arrow width represents the relative dispersal rate between two single islands. (a) Jukes—Cantor
(JC) model: all carrying capacities equal, all dispersal rates equal. (b) Equal-in model: unequal carrying capacities, equal dispersal rates.

(c) General Time Reversible (GTR) model: unequal carrying capacities, unequal dispersal rates. (d—f) Stepping-stone variant of each model.
(d) JC step: all carrying capacities equal, dispersal rates equal between adjacent islands, zero between non-adjacent islands. (e) Equal-in step:
unequal carrying capacities, all dispersal rates equal between adjacent islands, zero between non-adjacent islands. (f) GTR step: all carrying
capacities unequal, all dispersal rates unequal between adjacent islands, zero between non-adjacent islands.
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Shared:
Dispersal process

Independent:
molecular process,
molecular speed,
dispersal speed,
clock tree

Distribution

DNA data 1
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DNA data 2
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Bayes Factors (harmonic mean)

13 groups, 393 species, 954 taxa

Ln model
Island model likelihood
JC step —101704.09
Equal-in —101667.87
JC —101649.92
Equal-in step —101628.31
GTR —101624.19
GTR step —101618.94 <«—

*(—=101642.9)

*Model likelihood for the ‘long analysis’ (30 million generations, four
runs); see text.



LAGRANGE

Dispersal-(Local) Extinction-Cladogenesis (DEC)
Many areas per taxon (range)
D,E as parameterized event classes

Work by:
Ree et al., 2005 (Syst Biol)
Ree & Smith, 2008 (Syst Biol)
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Exponentially-distributed times between events

Dispersal & Extinction




Rate matrix for anagenesis

g 1 2 3 12 13 23 123
51— 0 00 0 0 0 0
1 |[E;— 0 0 Dy Dz 0 0
2 E» 0 — 0 Dyy 0 Dys 0
Q=|3|E;0 0 — 0 Dy Dy 0
1210 ExE; 0 — 0 0 Dis+ Dy
1310 E3 0 E1 0O — O D12‘|‘D32
2310 O E3 Ez 0 0 — D21‘|‘D31
1230 0 0 0 E; E; By  —
P;;(t) = exp {Qt}];;
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DEC likelihood
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MLE range reconstructions

1.0 —

| | 20taxa [ ] 100 taxa

0.8

0.6 -

0.4

mean proportion of nodes
reconstructed accurately

0.2

0.0 -

| | | | | |
0.01 0.02 0.03 0.04 0.05

estimated dispersal + local extinction
(upper limit of bin)



a)
., @
Kaua'i

&t
O‘ahu '
=3

Maui Nui

Hawai'‘i

Stepping stone
(Small adjacent ranges:
K, O, M, H, KO, OM, MH)

<)

[ P hawaiiensis MauiE2
[ P mauiensis Mauiw2
@ P fauriei Oahuk2

@ P hathewayi Oahuw2

0-0M

[ P kaduana Mauiw2
[ P. mauiensis Molokai1

KO [ P kaduana Oahuk3
P greenwelliae #07 Kauait
P iae #907 Kauai1
e MauiNui *
He HawaiiV2
@er iana Oahu *
P. mariniana Kavai1

K] P. wawrae Kauai2
KPR
[K] P hobdyi Kauai1

P. hexandra Kauai1

Kauait

[K] P hexandra Kauai2

B ~. hexandra Oahux

b)

[

M P, mauiensis Mauiw2

MauiE2

B P fauriei Oahuk2
@ P hathewayi Oahuw2
M P kaduana Mauiw2

M~ Molokai1

L B P kaduana Oahuk3
P. greenwelliae #07 Kauait
P. #907 Kauail

|

KoKMHMH l [ MauiNui *
l'EI Ber Hawaiiv2
e K->KO-0 @r Oab®

P Kauait
P. wawrae Kauai2
P Kauait
P. hobdyi Kauai

P hexandra Kauail

P. hexandra Kauai2

0-0M

K-=KO

P. hobdyi Kauai1

[K] P. hexandra Kauait

K=>KO-0

P. hexandra Kauai2

@ P hexandra OahuX

50

40 30 20
Million years before

10
present

0.0

Unconstrained
(GTR)

v

Stratified
(time-dependent GTR)



BioGeoBEARS

Generalized DEC model
Many areas per taxon (range)
Seven parameterized event classes

Work by:
Matzke, 2013 (Frontiers Biogeo)



Generalized DEC model
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BiogeoBEARS likelihood
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Speciation hidden by extinction




Geographic State Speciation Extinction
(GeoSSE)

DEC model

Joint birth-death process & range evolution
Accounts for “hidden” speciation

Range evolution, speciation, extinction intertwined

Work by:

Goldberg et al., 2011 (Syst. Biol.)
Goldberg & Igi¢, 2012 (Evolution)



Parameter Areas Event

Speciation SA A New lineage in area A
SB B New lineage in area B
SAB AB New lineage in area A or B
Dispersal da,dp AorB This lineage gains an area
Extinction TA, LB AB This lineage loses an area
AorB This lineage goes extinct
b) da «.dp
) AB |
A ! \| '
CUB‘ ' ,CI;'A ' :
' '
S A SaA ) : SB" . ..5B
C\ s, ) y vy
n -
A 1\ B
«’/ ‘o
SAB .




GeoSSE likelihood

Likelihood of tree and character states

dgzt\m = —(sa+da+x2)Dna(t) + daDnag(t)
+254Dna(t)Ea(t),

dng = —(sp +dp + x3)Dnp(t) + dgDnap(t)
+255Dnp(t)Es(t),

dlzil\t]AB = — (54 +8p + 84 + Xa + x5)Dnap(t)

+ xADNB (t) + XBDNA(i’)
+ Sa [EA(t)DNAB (t) + EAB(t)DNA(t)]

+ S [EB(t)DNAB(t) + EAB(t)DNB(t)]
+ SAB [EA (t)DNB(t) + EB(t)DNA(t)],
t=20
lineage N lineage M

Likelihood of extinction

dditA = —(SA + dA + xA)EA(t)+xA + dAEAB(t) + SAEA(t)z,
(3a)
dEB 2
F = —(SB + dB + xB)EB(t) + Xp + dBEAB(i‘) + SBEB(t) ,
(3b)
dE g
T —(Sa +Sg +5ap +xa +XB)Eap(t) + xaEp(t)
+ XBEA(t) + SAEAB(t)EA(t) + SBEAB(t)EB(t)
+s4BEa(t)Ep(t). (30)

Likelihood of “observed” speciation

Dca(tc) = Dna(tc)Dma(tc)sa, (2a)
Dcg(tc) = Dnp(tc)Dms(tc)ss, (2b)

Dcag(tc) = %[DNAB(tC)DMA(tC) + Dna(tc)Dmag(tc)lsa

+ %[DNAB(tC)DMB(tC) + Dng(fc)Dmas(tc)]ss

- %[DNA(tC)DMB(tC) + Dnp(tc)Dma(tc)lsas-

(2)
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BayArea

Dispersal-Extirpation model
Distance effects as a free parameter
Scales for many areas

Work by:
Landis et al., 2013 (Syst Biol)



For more areas, () explodes

3 areas 10 areas
olofolol1[1]1]1
olo[1]1[@l0]1[1
ol1]0]1lo]1l0]1
olofo[-
olo][1] -
o[1[0 -
0|11 -
1[0]0 -
1101 -
1/1]0 -
11111 -
2% x 23 =8 x 8 210 % 210 — 1024 x 1024

Intractable for more than ten areas



How to infer large Q?

Inspired by Robinson et al., 2003 (Mol Biol Evol)

Key concepts

1. Propose biogeographic histories,HH

2. Compute likelihood, [:@,H

3. Approximate P(6, H | D) using
Markov chain Monte Carlo (MCMC)



1. Propose biogeographic histories, H

M

HAAIAL
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2. Compute likelihood, Lg f

Range evolution events from range 7 — ©:
r = Z r;  sum of rates leaving 7
re "t prob any event at time ¢

ri /T prob next eventis 7 — ¢

Ly g = product of event types & times over tree



3. Approximate P(6, H | D) using MCMC




Distance-dependent dispersal model

Infer distance effect parameter

Where is next dispersal event given current range?

Anywhere Nearby

| | | |
] | | |’
0 1 2 4

Collapses to “independence” model



Distance dependent rate matrix

e

Ao if Vi, =0
)\177(}/;7}/]'76%6) if Y},a =1
R(a) —
0 if Y; and Y} differ at more than one area
0 if Y; = (0,0,...,0)
\
Extirpation Uniform at random
Dispersal Modified by distance

Extinction Forbidden



Distance-dependent rate modifier

n(Y; =(1,1,0,0) = Y; = (1,1,0,1),a =4,5) =

d(G1,G4) 7P +d(Ga,G4)7"

. >
-~

1 1

R
Rate-modifier v

S,

" 2
d(G1,G3) ™" +d(G2, G3) ™7 +d(G1,Ga) 7 +d(Ga,Ga) ™"

-~ -~

1 | 1 2 1 | 1 2
Normalization $ / \ ¥
O;’/O4 0\3"04




Distance power parameter

Bayesian inference vs truth
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Posterior of
ancestral ranges

East of Wallace’s Line
West of Wallace’s Line

Rhododendron goodenoughii

Branches:
% of inferred range
east of Wallace's Line

Node maps:
Posterior probability
of presence per area
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loranthiflorum
goodenoughii
baenitzianum
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inundatum
herzogii
christii
leptanthum
gracilentum
rubineiflorum
commonae
leucogigas
carringtoniae
spondylophyllum
inconspicuum
multinervium
hyacinthosmum
tuba
culminicola
saxifragoides
lochiae
williamsii
alternans
vanvuurenii
rhodopus
pudorinum
zollingeri
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taxifolium
ruttenii
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Continuous models

Brownian motion
Each taxon is an individual sample
Epidemiology models

Work by:

Lemmon & Lemmon, 2008 (Syst Biol)
Lemey et al., 2010 (Mol Biol Evol)



2D Brownian motion

15

0.5 |




Relaxed random walk

Joint inference of gene tree
using relaxed molecular clock

Latitude, longitude diffuse by
Brownian motion for each branch:

Xy ~ N (Xpa): todpX)

Branch rate rescaled (“relaxed”):

o ~ Gammal(v/2,v/2)

Lemey et al., 2009 (Mol Biol Evol)



Continuous models for
ranges or multiple individuals

Diffusion of set of individual coordinates
27?7

Diffusion of range as polygon
2?7

Hard, underexplored



Discrete vs. continuous models

Discrete Continuous
Data Transformed As is
Model CTMC Diffusion (BM)

Individual/Endemic
Range
Dispersal/Extirpation
Cladogenesis
Speciation/Extinction

Spatial heterogeneity

Asymmetry easy
Yes

Yes (scales poorly)
Yes

Yes

Yes (for 2-3 areas)

Easy

Temporal heterogeneity  Easy

Asymmetry hard
Yes

No (currently)

NA

NA

Yes (for individuals)
Hard

Easy




Tradeoffs

Complex cladogenic models

GeoSSE

BioGeoBEARS

Few areas

LAGRANGE
BayArea

Plain cladogenic models

Many areas



Lab

BayArea 1.0.2
Input
Analysis
Output

Phylowood, BayArea-Fig
Visualization
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BayArea

BEAST

BioGeoBEARS

GeoSSE

LAGRANGE

SHIBA

Software

https://code.google.com/p/bayarea/

http://beast.bio.ed.ac.uk/Main Page

http://cran.r-project.org/web/packages/

BioGeoBEARS/index.html

http://www.zoology.ubc.ca/prog/diversitree/

https://code.google.com/p/lagrange/

http://phylodiversity.net/shiba/




