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Abstract

M gr at e estimatepopulationparametergeffective populationsizeandmigrationrates)usinggeneticdata
(Electrophoretianarkers, microsatellitemarkers, sequencelata,andsingle nucleotidepolymorphisms).It
is a maximumlik elihood estimatorand usesa coalescentheory approachtaking into accounthistory of
mutationsand uncertaintyof the genealogy Currentlytherearetwo versions.(1) m gr at e- 0. 4 usesa
simpletwo populationmodelwith maximally 5 parameterstwo populationsizes,two migrationrates,and
ashapegparametefor thevariationof the mutationratesamongloci andfor sequencelatait canalsoincor-
porate but not estimaterateheterogeneitgmongsites.(2) m gr at e- n estimates full migration-matrix
of n populations.Allowing for likelihoodratio testanddelivering profile lik elihood curves. Development

on (1) hasstopped! still fix bugs,of course.(2) is actively developed thereforesomefeaturesn (2) needs
moretesting.



Theoretical considerations

Maximum likelihood estimation of migration rates

Migrate calculatesmaximumlik elihoodestimatedgor migrationratesandeffective populationsizesof two
populationsusinggeneticdata(Fig 1). The parameterso estimateare©®+, ©s, Nm1, Nmo, whichare4 x

effective populationsize x mutationrateper site per generatiorandeffective populationsize x migration
rate per generationn populationl and2, respectrely. The estimationprocessusesan expansionof the
coalescentheory (Kingman 1984a,b)which includesmigration (Hudson1990, Nath and Griffiths 1993,
Notoharal994).A likelihoodestimateof the parameter$ usinggenealogieg with dataD would be

L(P) = Prob(D|g) Prob (G| P).
G

This is the sumover the joint probability of the datagiven a genealogythis is the corventionallik elihood
in a phylogenetictree)andthe probability of the coalescentUnfortunately this sumhasaninfinite number
of summandswe have to sum over all genealogiesand all possiblebranchlength. We can solve this
problemby using a Markov chain Monte Carlo approachwith importancesamplingdue to Metropolis
(1954) and Hastings(1974). For an introductionseeHammerslg and Handscomib(1964) or Chib and
Greenbgy (1995),andseeKuhneret al. (1995)for its applicationto the coalescencéheory). We biasthe
searchpaththroughall treestowardstreeswith higherlikelihoods(Fig. 2) andhave thento correctfor this.
Thelikelihoodformulachangego
L(P) 1<~ Prob(D|g)Prob (g;|P)

L(Po)  m < Prob (D |g;) Prob (g; | Po)’

This is very reasonablebecausesummandswith low probabilitieswill almostnot contribute to the final
likelihood. For more informationon the basemodel, you shouldreadBeerli and Felsensteir(1999) and
Kuhneret al. (1995). The approximationof the likelihood using a ratio makesit difficult to compare
differentrunsof the program,if the programreportsa likelihoodthenthisis actuallya ratio of likelihoods
andsincewe recalculatethe parameter$or eachchain, the valuesfor P, aredifferentbetweenruns,and
thereforeit is impossibleto comparehem. An escapef this problemis to run the programusingthe full
model(e.g.n x n parameterandusethelikelihoodratio testfor specificscenarios.



Figurel: Populationsxchangingmigrantswith ratem; pergeneration@ndwith size N.. The parameters
arescaledoy mutationratey whichis with sequencelatapersite pergenerationThe estimategarameters
aretherefore:©; whichis 4Ne(i)u andM; whichis m; /u, themigrationestimatds morecommonexpressed
as4Nm whichis justOM.

Figure2: (A) Onanimaginary infinite lik elihoodsurfacewewould neecto samplesvery possiblegenealogy
andsumall thesevalueswhich is not possible but treeswith low probability will not contribute muchto
thefinal likelihood,(B) by biasingtowardsbettertreeswe cansampleeffectively from thosetreeswith high
contributionto thefinal likelihoodandcanapproximatahelik elihood.

Performance criteria

Thereis a difficulty with thesekind of samplerghatwe do notknow how long we have to runthe sampler
to get“accurate”estimates Despitethe hugeliteratureaboutmeasuresvhento stopsampling.thereis no
goodcriteriaavailable. Severalwaysexist to investicateif theresultswe getaregood,we cancheckif

@ theprogramis samplingform theright distribution: runningthe samplemwith no data(e.g. sequence

samplefrom.

@ simulationstudiesshav that we canrecover parameter&and populationstructurethat was usedto
createthedata.

@ comparisorwith other programsproducesimilar results. | comparedr gr at e with genetr ee
(BahloandGriffiths 1999)andwith f | uct uat e (Kuhneretal. 1998). The comparisorwith gen-
et r ee usedtwo populations(Englandand Ghana: 2.5 kb sequencealatafor the beta-globinlocus



[Hardingetal. 1997])andtheresultswerevery similar. For my paperon n-population have worked
out a 100-locusdatasetsimulationthat shavs thatgenet r ee andmi gr at edeliver the sameesti-
mates,andapproximatve confidencdntervals, althoughgenet r ee is very slow comparedo ni -

gr at efor thatspecificdataset(BeerliandFelsensteinn prep.). Thecomparisorwith f | uct uat e
wasfor onepopulation,yesyou canrunmi gr at e with only onepopulation,andfor a datasetsim-
ulatedwith a® = 0.01 m gr at e delivered® = 0.0123 with a 50% confidencdnterval of 0.08 to
0.017, while f | uct uat e delivereda pointestimateof © = 0.0119.

the programis samplingmary differentgenealogiespne canshaow this by plotting a curve shaving
on the x-axesall sampledreesandon the y-axisthelik elihoodof the genealogy(in our casethis is
Prob (D|G) , Figure3). A plot of asequencef Prob (P|G;)Prob (D|G;) is notusefulbecaus¢he
genealogiesontaindifferentnumberof time intervals,andthey arenot comparable.

Onecanshow thatstartingfrom randomstartparametershe estimatesonverge ratherquickly after

afew shortchainsthe updatingof the startparametersver several shortchainsmovesthe estimates
to the properregion andthe remaininguncertaintyis only driven by the often hugeuncertaintyabout
the parameteestimatesn thedata,akathelik elihoodsurfaceis flat for mary parametecombinations
andthedata.
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Figure 3: DatalikelihoodProb (D|G) for all sampledgenealogiesA samplerun of migrationestimation
using?2 populationstheverylong verticallinesmarkchainboundarie10 shortand3 long chains).Totally,

10 shortchainsx 500 sampledyenealogies-3 long chainsx sampled;000 genealogiesveresampledout
of total 400,000.Thevaluesfor notrecordedreesarenot shavn.

Data models

Infinite allele model

This assumeshatevery mutationwill resultin anew allele,thereis no backmutation(Fig. 4). This model
is usedin all currentimplementationf electrophoreticdataanalysegpackagegBiosys-1,GDA among
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others)andperhapss appropriatdor this kind of data.Migrate is calculatingthe parameter$or eachlocus
independentlyandsummarizesat the endtaking the lik elihood surfacesof eachlocusinto account. These
mean-parametersan be found by eitherassuminghat the mutationrate hasno variation (asall, at least
thosel know, otherprogramsdo) or usesaI' distributedmutationratewith shapeparametery whichis in

this case )

(coeficient of variation}

08
b i d a h kgcf | 2 o6
= o
o 00 O (00O f§o.4
> O 02

Mobility
2 4 6 8 10
Time

Figure4: Left: Mobility of electrophoretienarkerin anelectricfield. theallelesa,b,c,..describea possible
sequencef mutation,their mobility is not correlatedwith the mutationalhistory Right: The probability
thata givenalleleis not mutatingduring sometime, this is a simpleexponentialrelationship.

Micr osatellite model

Ladder model

Theladdermodelwasinventedby OhtaandKimura (1973,1978)for electrophoretienarkers,but wasnot
asgoodasexpectedin describingreal electrophoreti@alleles. For microsatelliteghis modelseemamuch
moreappropriatge.g. Valdesetal. 1993,but seeDi Rienzoetal. 1994),hereolviously changehappens
mostly by slippageof the two DNA strandscreatingwith higherprobability a new allele which is only 1
stepapartfrom the old thanonewhich 2 stepsapart(Fig. 5). Summarizingover loci canbe doneeither
by assuminghe mutationrateis Gammadistributed or constant. This assumesopf course,independence
betweeroci.

Brownian motion approximation to the ladder model

This replaceghe discretestepwisemutationmodelwith a continuousBrownian motion modelThe results
arevery similar to the exact stepwisemutationmodel, but the parameteestimationis several timesfaster
Thisis work still in progresgFelsensteirmndBeerli,in prep.).

Sequence model

Migrateimplementghesequencenodelof Felsensteif1984)availablein dnam (PHYLIP 4.0,Felsenstein
1997)(Fig.6). Thetransitionprobabilitieswere publishedby Kishino andHasgawa (1989). Migrate does
not allow for recombinationsandthereforeis only well suitedfor mitochondrialsequencesr othernon-

recombiningDNA stretches Summarizingover "loci” assumesn additionthattheloci areunlinked. The

mutationrateamongloci maybe eitherconstanbr following a Gammeadistribution.
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Figure5: Left: Numberof repeatthange®f a microsatellitemarker. The probabilityto have a slippageof
only onerepeats higherthanthe slippageof morethanonerepeat,n a giventime, heretime=0.1. Right:
Theprobabilitythata changeof 0,1,2,..stepsis occurringduringsometime.

Likednam , Migrate alsoallows for differentevolutionaryrates,mutationcategoriesandautocorrelation,
althoughary useof theseadditionalfeaturescanslon doneto programto a crawl, but this may changen
thefutureascomputersloubletheir speedoughlyevery 2 years.
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Figure6: Left: Sequencenutationmodel. Transitionsareareshowvn in blacklines,transersionareshovn
with dottedlines. Right: The probabilitythata transitionor trans\ersionis occurringduringsometime. The
shavn graphusesequalbasefrequenciesbut the usedmodeldoesnot needthis restriction.

Single nucleotide polymorphism data (SNP)[Work in progess]

We usea ratherrestrictve modelsfor SNPs. Currentlytherearetwo versionsimplementedput not fully
tested.If youwantto usethe SNPoptions,pleasecontactmebeforeyourunlargescaleanalyses.

1. SNPweredevelopedfrom a panelpopulationof which we know the numberof individuals,andthat
the markersdevelopedwerevariable,but we do notknow the actualnucleotidedor theindividuals.

2. WehavefoundALL variablesitesandusethemevenif thereareonly afew memberof anothemlleles
presentln principalit is asyouwould sequencastretchof DNA andthenremove theinvariantsites.

This is certainlynot how peopledevelop SNPs,but currentlythe closestwe cancomeup with. The SNP
codingis otherwiseexactly the sameasthe codingfor DNA data.

If youwantto assumehatthe SNPareunlinkedthenyou needto codeeachSNPlik e asequencelatalocus
with onenucleotide(seethe examplesfor sequences),have run successfullyp0 SNPloci on alaptopwith



40 MB of RAM. The SNPdatais producinga hugeupwardsbiasfor ©, for further explanationsvatchfor
aforthcomingpaper(Kuhner Beerli, Yamato,Dubb,andFelsensteinin press).



Program usage

If youwantto know how to install or compilethe programgotothe sectionsat the endof this manual.
This manualis in a transition phaseuntil the two-populationprogramni gr at e and the n-population
m gr at e- n aremeged. Optionsonly available with the one or other programare marked with either
(2-POP)or (N-POP).

Data file specifications

Thedataneeddo bein acertainform; for us,thefollowing formatwasmostcorvenient.Eventuallywe will
includethe NEXUS format (whichis usedin MacCladeandPaup).
Syntax:atokenis eitheraword, a collectionof words,or a characteor anumber:

< token > thetokenbetweerthethe“angle-braclets”is obligatory
[token] In squarebracletsareoptional.
{token} areobligatoryfor some

< tokenl|token2 > chooseoneof thetokenkind of data.

A rangeof numbersn a“word” tokenasin <i ndi vi dual 1 10- 10> meanghatthistokenneedgso be
10characterdong. Thecharacter$or ary word tokencannormallyincludespecialcharacterspunctuation,
andblanks,thetokenfor theindividualnamel nd1l 02 @is legal. Themostcommondatafile for enzyme
electrophoretidataor microsatellitedatawould look lik e this (examplesfollow):

<Nunber of popul ati ons> <nunber of |oci> {delimter between alleles} [project ti-
tle 0-79]

<Nurber of individuals> <title for population 0-79>

<l ndi vi dual 1 10-10> <data>

<l ndi vi dual 2 10-10> <dat a>

<Nurber of individual s> <title for population 0-79>
<l ndi viduum 1 10- 10> <dat a>
<I ndi vi duum 2 10- 10> <dat a>



Thedelimiteris neededor microsatellitedataandthe projecttitle is optional. Thedat a will be described
in thefollowing sections.Theindividual namehasto be by default 10 charactergsameasin PHYLIP), but
canbechangedo anotherconstantn theparmfile,evento alengthof 0. For sequencesr SNPsthesyntax
is slightly different,thefollowing cases for non-interleaedsequencelata.

<Nunber of popul ations> <nunber of loci> [project title 0-79]
<nunber of sites for |ocusl> <nunber of sites for locus 2> ...
<Nurber of individuals> <title for popul ation 0-79>

<l ndi vi duum 1 10- 10> <data | ocus 1>

<l ndi vi duum 2 10- 10> <data | ocus 1>

<l ndi viduum 1 10-10> <data | ocus 2>
<| ndi vi duum 2 10-10> <data | ocus 2>

<Nunber of individuals> <title for popul ati on 0-79>
<l ndi vi duum 1 10- 10> <data | ocus 1>
<l ndi vi duum 2 10- 10> <data | ocus 1>

<| ndi vi duum 1 10-10> <data | ocus 2>
<l ndi vi duum 2 10- 10> <data | ocus 2>

Interleavedsequencelata:

<Nunber of popul ati ons> <nunber of loci> [project title 0-79]
<nunber of sites for locusl> <nunber of sites for |ocus 2> ...
<Nurber of individual s> <title for population 0-79>

<Indi viduum 1 10-10> <data locus 1 part 1>

<l ndi vi duum 2 10-10> <data locus 1 part 1>

<data indl locus 1 part 2>
<data ind2 locus 1 part 2>

<| ndi vi duum 1 10-10> <data | ocus 2>
<l ndi vi duum 2 10- 10> <data | ocus 2>

<data indl locus 2 part 2>
<data ind2 |ocus 2 part 2>

etc.
Theinputfor SNPsis the sameasfor sequencelata.

Examples of the diff erent data types

Theexamplesn this sectionlook lik e realdata,but they areonly for thedemonstratiomf the syntax,if you
try runthis“data” it will deliveroftenvery strangevalues, have addeda“usable”testsetof simulateddata
in theexamplesdirectory seethefile examples/READMBEor moreinformation.



Enzyme electr ophoretic data (infinite allele model)

The datais givenin genotypesary printablecharactemwith ASCII codebiggerthan33 ('!") andsmaller
thanl128canbeused.?’ is reseredfor missingdata. You canusemulti-charactecodingwhenyou usea
delimiter (seethe examplesfor microsatellites)If thereis enoughinterestl canwork on ainput usinggene
frequenciesalthoughl preferto work on moreinterestingthingsthanadjustinginputfiles.

Examplewith 2 populationsand11 loci andwith 3 and2 individualsperpopulation respectrely (this data
setis only anexampleof syntax,analyzingthis datasetvould not make muchsense).

2 11 Mgration rates between two Turkish frog popul ations
3 Akcapi nar

PB1058 ee bb ab bb bb aa aa bb ?? cc aa

PB1059 ee bb ab bb bb aa aa bb bb cc aa

PB1060 ee bb b? bb ab aa aa bb bb cc aa

2 Ezine

PB16843 ee bb ab bb aa aa aa cc bb cc aa

PB16844 ee bb bb bb ab aa aa cc bb cc aa

Micr osatellite data

Thethird agumenton the first line hasto be a delimiter characterfor examplea“.”. The datais givenin
genotypesthe numberof repeatds the allele nameseparatedy the specifiedspacer '?’ is resened for
missingdata.

Example:

2 3 . Rana | essonae: Seeruecken versus Ta
Ri edtli near G "undel hart-H "orhausen
42.45 37.31 18.18
42.45 37.33 18.16
Tal near Steckborn
43.46 33.37 18.18
44.46 33.35 19.18
44,46 35.? 18.18
43.42 35.31 20.18

PRRRPRRAROON

Sequence data

After theindividual namefollows the basesequencef thatspeciesgachcharactebeingoneof theletters
A B,C,D,G,H K M N,OR,STU,VW,X,Y,?o0r-. Blankswill beignored,andsowill numerical
digits. This allows GENEBANK and EMBL sequencentriesto be readwith minimum editing. These
charactersan be either upperor lower case. The algorithmscorvert all input charactergo uppercase
(which is how they aretreated). The charactersonstitutethe IUPAC (IUB) nucleicacid codeplus some
slight extensions.They enableinput of nucleicacid sequencetaking full accountof any ambiguitiesin the
sequence.



Symbol Meaning

Adenine
Guanine
Cytosine
Thymine
Uracil
pYrimidine
puRine
"Weak”
"Strong”
"K eto”
"aMino”
notA
notC
notG
notT
unknavn
deletion
deletion

ZAOVSESD<CHOO >

OX<IOW®W
e
)

(CorT)
(AorG)
(AorT)
(CorG)
(TorG)
(CorA)
(CorGorT)
(AorGorT)
(AorCorT)
(AorCorG)
(AorCorGorT)

Examplewith 2 populationwith 2 loci, thesequenceareNOT interleaved:

2 2 Make believe data set using simulated data (2 |oci)

50 46

3
eis
ZWOo
drue
eis
ZWO
drue
2

vi er
fuef
vi er

hi nders wi esli

ACACCCAACACGECCCECCGACAGEGECT CGAGCGATCACTGACTGGCAC
ACACAAAACACGECCCGCCGACAGEGECT CGAGGGGT CACTGAGT GGCAC
ATACCCAGCACGECCEECEEACAGEGECT CGAGEGAGCACT GAGT GGAAC
ACGCCGECGCECGAACGAAGACCAAAT CTTCTTGATCCCCAAGTI GTC
ACGCGGECECGAGAACGAAGACCAAAT CTTCTTGATCCCCAAGTGTC
ACGCGCCGECGAGAACGAAGACCAAAT CTTCTTGATCCCCAAGTGTC

vorders w esli

CAGCGCGCGTATCGCCCCATGT GGT T CGGCCAAAGAAT GGTAGAGCGGAG
CAGCGCGAGT CTCGCCCCAT GGEGT TAGGCCAAATAAT GT TAGAGCGGCA
TCGACTAGATCTGCAGCACATACGAGGGT CATGCGT CCCAGATGT G
fuefLoc2 TCGACTAGATATGCAGCAAATACGAGGGCCATGCGTCCCAGATGTG

Sameexamplewith 2 populationwith 2 loci, but the sequencearenow interleaved:

2 2 Make believe data set using sinmulated data (2 loci, interleaved)
50 46
3 hi nders wi esli
eis ACACCCAACACGGCCCGCGGACA
ZWo ACACAAAACACGGCCCGCGGACA
drue ATACCCAGCACGGCCGGCGGACA
GGGGCTCGAGGGATCACTGACTGGCAC
GGGGCTCGAGGGGT CACTGAGI GGCAC
GGGGCTCGAGGGAGCACTGAGTGGAAC
eis ACGCGGCGCGCGAACGAAGACCA

10



ZWo ACGCGGCGCGAGAACGAAGACCA
drue ACGCGGCGCGAGAACGAAGACCA
AATCTTCTTGATCCCCAAGIGTC
AATCTTCTTGATCCCCAAGIGTIC
AATCTTCTTGATCCCCAAGIGTC
2 vorders wi esli
vi er CAGCGCGCGTATCGCCCCATGT GGT TCGGCCAAAGAATG
f uef CAGCGCGAGT CTCGCCCCAT GGGGT TAGGCCAAATAATG
GTAGAGCGGAG
TTAGAGCGGCA
TCGACTAGATCTG CAGCACATAC
TCGACTAGATATG CAGCAAATAC
GAGGGTCATGCGTCCCAGATGTG
GAGGGGCATGCGTCCCAGATGTG

Additional files

Overview

| triedto malke it simpleandredundantsothattherearemorethanoneway to setup things. Therea several
specialfile namessomeof themcanbe changedthersnot:

Filename Description Needed? Namechangeable
infile holdsyou data necessary *
parmfile  holdsoptions optional -
seedfile  holdsarandomnumberseed optional -
catfile holdscateyoriesfor mutationratevariation optional -
weightfile holdsweightsfor eachsite optional -
outfile will be createdandreplaceary file with the necessary *

samenamein the samedirectory

treefile holdsgenealogieghisfile will becreatecand optional -
will replaceary file with thesamenamein the
samedirectory

mathfile  holdsplot coordinategor the usein amathe- optional *
maticanotebook this file will be createdand
will replaceary file with thesamenamein the
samedirectory

sumfile holdsthesummarystatisticof thesampledye- optional *
nealogiedor furtheranalysisthis file will be
createchndwill replaceary file with thesame
namein the samedirectory

Necessary input file

11



infile if thisfile is not presentn the currentdirectorythanthe programwill askfor a datafile, andyou can
give the pathto it, you needto type the path, which is for Macintoshand Windows usersprobably
ratheruncomfortableln themenuor parmfile youcanspecifyanotherdefaultnamefor yourdatafile.

Optional input files

parmfile canhold specificmenuoptions,this file andthe possibleoptionsfor the menuare explainedin
detailin sectionmenu and parmfile.

seedfileholds a randomnumberseed,this is just presentfor compatibility with PHYLIP, the random
numberseedcanbe setin variouswayseitherin themenuor in the parmfile.

catfile hold the catayories,for eachlocusyou mustgive the numberof catayories,andthe value of each
category andthena string of categgory assignmentsor eachsite. You canusethe# asa commentary
character
# Exanple catfile for two loci with 40 and 30 bp each
#
21 10 1111111111111111111122222222222222222222
3139 111111111122223333333333222222

weightfile, for eachsite andlocusyou needto give a weight, acceptablaveightsareintegersfrom 0 - 9
andlettersA-Z, A is theweight10, B 11 andsoon, in total thereare 35 possibledifferentweights
possible.You needa weight string for eachlocus.

# Exanple weightfile for two loci with 40 and 30 bp each
#

1101101101101101101101101101101101101101
33F33F22F22F22F22F22FHHHHHHHHH

Output file

outfile somevhereyou want to readthe results,thatis it! The nameoutfile is the default, but canbe
changeckeitherin themenuor the parmfile.

Optional output files

treefile holds all, only thoseof the last chain or the besttree(s). The likelihood of eachtreeis given
(Prob (D | G)) in acomment. The programswrites treeswith migrationsusingthe Newick format
with extensiondrom theNexusformat,unfortunatelyl donotknow yetaprogramwho canprintthem
nicely. Writing treesto a treefileaddssomeburdento the programandit will run slower, especially
with theoptionBEST.

mathfile holdstheraw likelihoodsurfacedata,if this wasrequestedn the options. The namemathfileis
thedefault, but canbe changedn the menuor parmfile (seeappendix).

12



sumfile holdsthe summarief all genealogiesf this wasrequestedn the parmfileor menu. The name
sumfileis thedefault. His optionallowsto reanalyzea previousrunfor lik elihoodratiotestor profiles.

How to run

If you have compiledandinstalledthe programsuccessfully(seelnstallation)andyour datais in a good
format(sectiondataformat) andperhapsasthe nameinfile, just execute

mgrate-n for 1 to n populations
m grate-0.4 for 2 populations

Either by doubleclicking its icon (seeon thetitle page)or for UNIX typing its namein a shell. Without
ary parmfile, Migrate will displayamenu,in whichyou canchangeall the sensibleoptions.For hintshow
to usethe parmfile,look into sectionMenu and Options or the par nfi | e. doc. Onceyou know how
to customizethe optionswith the parmfile youwill probablymoreofteneditthe parmfilethanmakingthe
changesn themenu.

Menu and Options

You canchangeheoptionsin themenu(Fig. 7) usinglettersor in submenusiumbersln menuentryDat a
t ype you needto specifywhatkind of datayou have andaccordingto thattype someothermenuentries
appeayrfor example:t/t ratio for sequences.

M GRATI ON RATE AND POPULATI ON SI ZE ESTI MATI ON
usi ng Markov Chain Monte Carlo sinulation

Version 0.7
Program started at Thu May 6 23:20:28 1999

Settings for this run:

D Data type

(currently set: DNA sequence nodel)
| nput/ Qut put formats

Start values for the Paraneters
Search strategy

Wite a parnfile

Sn7TV—

Are the settings correct?
(Type Y or the letter for one to change)

Figure7: Top menu of Migrate
Menuoptionscanalsobechangedn thepar nf i | e. | will shav all possibleoptionsin theparmfilesyntax,

but the sametemscanbechangedn themenuaswell. All entriesin theparmfilearenot casesensitve and
all optionscanbegivenonly with thefirst letter, althoughl do notrecommendhat.
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Data type

datatype=<Allele | Micr osatellites| Brownian | Sequences Nucleotide-polymorphisms| Panel-SNP|

Genealogies>
specifieghe datatypeusedfor the analysesneedlesso saythatif you have the wrong datafor the chosen

typethe programwill crash.

Allele: infinite allele model,suitablefor electrophoretienarkers,perhapghe “best” guessor codominant
marlkersof which we do not know the mutationmodel.

Micr osatellite asimpleelectrophoretidaddermodelis usedfor thechangealongthebranchesdn geneal-
ogy.
Brownian: a Brownianmotionapproximationo the stepwisemutationmodelfor microsatellitesus used

(thisis MUCH fasterthanexactmodel,but is not a goodapproximatiorif populationsizesaresmall
(saybelow 10).

SequencesDataareDNA or RNA sequenceandthemutationmodeluseds F84,first usedby Felsenstein
1984 (actuallythesameasin dnam (Phylip version3.5),adescriptionof thismodelcanbefoundin
Swofford etal. 1996.

Nucleotide-polymomphism:[SNP] the datalik elihoodis correctedfor samplingonly variablesites. We
assumehatthe datawasusedto find the SNR

Panel-SNP the datalikelihoodis correctedfor usinga panelof SNP sites,that were polymorphic. The
panelhasto be populationl.

GenealogiesReadghesunf i | e (seeNPUT/OUTPUTsection)of a previousrun, with this optionsthe
genealogywamplingstepwill notbedoneandthegenealogieprovidedin thesunf i | e areanalyzed.
This datatypemakesit easyto rerunthe programfor differentlik elihoodratio testor differentsettings

for theprofile likelihoodprintouts.

Sequence data
If youspecifieddatatype=Sequenc¢hefollowing optionshave somemeaningandwill shav upin themenu

(seealsodetailsfor theseoptionsin themain.doanddnaml.dowf thePHYLIP distributionht t p: / / evol ut i on. genet

freqg-from-data=< Yes| No:freqA freqGfreqCfreqT>

freg-from-data=Yescalculategshe basefrequenciesrom theinfile data,thiswill crashtheprogram
if in yourdataabases missing,e.g.youtry to input only transitions.Thefrequenciesnustadd

up atleastto 0.9999.
freg-from-data=N0:0.20.20.30.3 Any arbitrarynucleotidefrequeng canbe specified.

ttratio=<rlr2 ....>
you needto specifyatransition/transgrsionratio, you cangive it for eachlocusin the datasetif you

give fewer valuesthanthereareloci, the lastttratio is usedfor the remainingloci — if you specify
justoneratio the samettratio is usedfor all loci.
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interleaved=<Yes| No >
If yourdatais interlearedyou needto specifythis here thedefaultis interleaved=Na

categoriesxYes| No>
If youspecifyYesyouneedafile named'cat f i | e in thesamedirectorywith thefollowing Syntax:
numberof_cateyories catl cat2 cat3.. categyorylabelfor_eachsite for eachlocus, a # in the first
columncanbeusedto startacomment-line.
Exampleis for a datasetwith 2 loci and20 basepairseach

# Exanple catfile for two loc

# in mgrate you can use # as conments
2 10 11111111112222222222

5 125 23 3 11111122223333445555

1
0.
rates=<n:rlr2r3.rn>
by specifyingratesahiddenMarkov modelor ratesis usedfor thesequence@-elsensteiandChurchill
1995),alsoseethe PHYLIP documentation.

prob-rates=<n: plp2p3...pn>
if you specifyrates you needalsothe specifythe probability of occurrencdor eachrate.

autocorrelation=<Yes:value | No>
if youassuméhatthesitesarecorrelatedalongthe sequencespecifytheblock size,by assuminghat
only neighboringnucleotidesareaffectedyou would give avalue=2.

weights=<Yes| No>
If you specify Yesyou needa file wei ght fi | e with weightsfor eachsite, the weightscanbethe
following numberd9-9 andlettersA-Z, soyou have 35 possibleweightsavailable.

# Exanpl e weightfile for two | oci
11111111112222222222
1111112222AAAA445XXXX5

distfile=<Yes| No>
You cansupplya distancefile for eachlocus (usingPHYLIP syntax). Eachindividual musthave is
own name.This optionappearsn the menuwhenyou choose
0 Start geneal ogy is estinmated using a UPGVA topol ogy
Thedistancefile is thenusedto createan UPGMA treewith a minimal numberof migrationevents.
For largetreesthisis optionshelpto getbetterstartingtreesthanthe automatidreegeneratiorwhich
usesa ratherunsophisticatedistancemethod(differences) [Needsmoretesting,but worksfine for
me]

usertree=<Yes| No>
If you specify Yesyou needa file i ntree. In this file you have startingtreesfor eachlocus,
BUT thesetreesneedto have migration eventsin them, currently only Migrate can write trees
with migrationeventson it, if you inspectsucha file you cansee,how sucha intreefile is orga-
nized and could insert migration eventsby hand. If you needthis options, pleasecontactme at
beerli@genetics.ashington.edu
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Microsatellite data
If thedatatype=Microsatelliteis used thefollowing optionshave somemeaning pleaseremarkthatif you
usethe Brownianmotionoptiontheserestrictiondo notapply.

micro-max=value
specifiesthe maximal allowed numberof repeatsthis MUST be higherthanyour actualmaximal
repeatnumberin your datasetif it is too high thereis a penaltyonly on allocatingto muchspaceand
perhapsn slight runtime degradation(the empty spacehasto be copied),but if it is too small your
resultswill bewrong! Thedefaultis setto micro-max=200

micro-threshold=\alue
specifiesthe window in which probabilitiesof changeare calculatedf we have allele 34 thenonly
probabilitiesof a changefrom 34 to 35-44 and 24-34 are consideredthe probability distribution is
visualizedin Figure5 thehigherthis valueis thelongeryou wait for your result,choosingt too small
will producewrongresults.micro-threshold=10

Electr ophoretic data
No specialvariablesput seeParmfile specificcommands

Nucleotide polymorphism
Similarto sequencadata.

Input/Output formats

This groupof optionsspecifiesnput file namesandvariousoutputfile options.Also, titles for the analysis
canbe specified. In addition, one cantailor the informationthe programis presentingduring the execu-
tion. Someof the optionsin this manualare currently not implementedn the two populationprogram
(m grat e- 0. 4, BeerliandFelsensteii999),the n-populationversionwhich will eventuallyreplacethe
two-populationversionwill containall the mentionedoptions.

Input formats

infile=filename
If you insistto have a datafilenamesotherthani nfi | e, you canchangethis here,if you do not
specify anything here, it will useary file with namei nfi | e presentin the executiondirectory if
thereisnoi nfi | e thanthe programwill askfor the datafileandyou canspecifythe pathto it (this
may be hardon MacsandWintel machines).If you usethis option,do NOT usespacesr “/” or on
Macs":” in yourfilename.Thedefaultis obviously infile=infile

random-seed=cAuto | Noauto | Own:seedwalue>
The randomnumberseedguaranteethat you canreproducea run exactly. | you do not specifythe
randomnumberseed(seed=Aito) the programwill usethe systemclock. With seed=Noautcthe
programexpectsto find a file namedseedfi | e with the randomnumberseed. With random-
seed=0Own:seedalue you canspecifythe seedvaluein the parmfile(or in themenu).
Examplefor own seed:
random-seed=0wn:21463f you want reproducibleruns you shouldreplacethe Auto seedwith
your own startingnumber(bestnumbersaredivisible by 4 + 1) Thedefaultis random-seed=Autd.
personallyusealwaysrandom-seed=Own:seedalue. But thenyou needto changethis for different
run, otherwisethe sequencef randomnumberds alwaysthe same.
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| NPUT FORNMATS

1 Datafile nane is infile
2 Use automatic seed for random za-
tion? No, seed=907711327
3 Title of the analysis is <no title given>

QUTPUT FORNATS

5 Print indications of progress of run? Yes

6 Print the data? No

7 Qutputfile nane is outfile

8 Pl ot likelihood surface? Yes, to out-

file and mathfile

9 Profile-likelihood? Yes, tables and sumary
[ Percentil es]

10 Li kel i hood ratio test No

11 Print geneal ogi es? None

12 Pl ot coordinates are saved in mathfile

13 Sunmary of geneal ogies will not be saved

Are the settings correct?
(type Y to go back to the nmain nmenu or the let-
ter for the entry to change)

Figure8: Input/Output menu of Migrate

title=titletext
if you wish to addan informatie title to your analysis,you cando it hereor in theinfile, the infile
will override the title specifiedhere. The length of the title is maximal 80 characters.Example:
titte=Migration parameter estimation of populations A and B of speciesX.

Output formats

progress= YegNo|Verbose> Shawv intermediateesultsandotherhintsthatthe programis running.Ver
boseaddsmorehints (atleastfor me)andinformation. Thedefaultis progress=‘¢s

outfile=filename
All outputis directedinto this file, the default nameis outfile. If you usethis option,do NOT use
space®r “/” oronMacs".” in thefilename.Thedefaultis obviously outfile=outfile

print-data= <YegNo>
Printthedatain theout f i | e. defaultsis print-data=No.

print-fst= <YegNo>
Print a table of an Fsyestimatefor comparisonBeerli and Felsensteirl 999, Beerli 1998) [not rec-
ommended].

plot=<No | Yes>[: <Oultfile|Both>[: <std|log>:{mig-axis-start,mig-axis-end,thetaaxis-start,theta-axis-
end} <:printpos <M | Nm>>]]
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if plot=No thenno plot of theparametespaceds shavnin theout fi | e, if Yesthenyou canspecify
whetheryouwantto have theaccuratemumbersn aseparatdile (mat hf i | e) usingprintpos “pixel”
in eachdirection,oronly the ASCII-graphicsplot in theout f i | e. Thelastoption(M or N)let you
definewetheryouwanttheplotin M x © or (default) 4Nm x ©. Defaultis pl ot =Yes: Qutfil e,
Exampleof amorecomplicatedstatementpl ot =Yes: Bot h: st d: 0, 10, 0, 0. 025: 100N

After arunmat hf i | e will containthefollowing

2-pop locus1=((x11,x12,...,x1n),(x21,..x2n),...,(xn1,..xnOFus2=.. thecombinatiorof all estimates
is the last locus = locus(n+1)the syntaxof this file is so that you canimport it directly into
Mathematicaby using < <mathfile (seein the exampledirectoryof this distribution for more
materialonthisissue).Thedefaultis plot=Yeswhichis equvalentto plot=Yes:Both

n-pop In (N-POP)themat hf i | e will printonly all summedipemmigratiorandimmigrationfrom/into
a population,andthe formatchangedo printing only raw numbersthereareprintpos x print-
pos cellsfor eachplot (default for printposis 36), sofor 2 loci andand3 populationsyou geta
total of 1552numbersyou canreadtheseinto mathematicaising
rows=col s=36;
pop=3;
dat a=ReadList[‘‘mathfile’ ', Tabl e[ Tabl e[ Tabl e[ Tabl e[ Nunber, {col s}],
{rows}], {2}],{pop}]; |oci=Length[data]

profile=<No|Yes<: <Fast|Percentile|Spline|Discretel Quick >><:M | Nm >(N-POP)
Print profile likelihood. SeesectionLik elihood ratio testsand profile lik elihood. Defaultis pro-
file=Yes:Fast:N.

No: No profile likelihoodsareevaluated.

Yes,All: Evaluateprofile likelihoodsandprint tablesfor eachparameteandalsoa summarytable
with the approximatve percentilesor eachvariable.

Percentile evaluatesthe profiles at the percentileg0.01, 0.05, 0.10, 0.25, 0.50, 0.75, 0.90,
0.95,0.99). Thiswill needa LOT of time: (1) it hasto find the percentilesvaluatinga full
maximizationfor n-1 parametergach.

Quick [meansquick anddirty] Evaluateshe profiled parameteassuminghatthe parameters
(O and M ; areuncorrelated This is equalto fixing all parameteat the maximumlik e-
lihood andevaulatethe lik elihoodfor the profiled parametersThis is very fastand often
rathercloseto the Percentile option.

Fast A mixture of Quick andPercentile. This is the default. The percentilesarefound using
Quick andthenonefinal full maximizationof all otherparameterss done.

DiscreteEvaluatetheprofilelik elihoodat specificpointswhich areML-estimatex (0.02,0.10,
0.20,0.5,1, 2, 5,10,50).

Spline EvaluateDiscrete andthenusesa cubicsplineroutineto evaluatethe percentilesThis
is the oneversionl would prefer but | have difficultiesto geta splinethat hasits peakat
the ML-estimate. Currently if you usethis methodmale surethatthe 0.5 percentileshas
the highestlog likelihood.[This needgo befixed]

M or N The profilesare evaluatedusing® and M, with the option N (the default) the migration
valuesareprintedasO.M (for mostdatathisis 4 Nm, butfor mtDNA this couldmeanit is N'm).
With M the M = m/p areprintedinsteadof the4 Nm.
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I-ratio= <None| <Mean|Loci>:testparam> (N-POP)

Likelihood ratio tests. SeesectionLik elihood ratio tests and profile likelihood. Default is I-
ratio=None.

print-tr ees=All | None| Last | Best>
print genealogiesnto t r eef i | e. Remembethesetreescontainmigrationevents,althoughl fol-
lowedthe NEXUS rules(Maddison1998)andthe migrationeventsarein commentbrackets,| do not

know of arny programbeingableto readthis kind of trees.l would like to hearfrom you if you know
ary otherprogramwho canreadsuchatree.

None t reefi | e is notinitialized andno treesareprinted,thisis thefastesandthe onel recom-
mend.

All': will printall trees(youwantto dothatonly for ridiculouslysmalldatasetsvith too shortchains
or you have Gigabytesof free storage).

Last: Only thetreesof thelastlong chainareprinted,Still youwill needlots of space.

Best Printsthetreewith the highestdata-likelihoodfor eachlocus. Thisis slow! And give notvery

muchinformation,exceptif you aremoreinterestedn the besttreethanin the bestparameter
estimate.

Defaultis print-tr ees=None

mathfile=filename

the plotcoordinatesredirectedinto this file. If you usethis option,do NOT usespacer “/” or on
Macs":” Thedefaultis obviously mathfile=mathfile.

sumfile=<No | Yes| Yes:filename>
Intermediateesultsof the genealogysamplingprocessaresave into afile namedsunfi | e orinto
thefile for thatyou specifythefilename.You canusethissunf i | e to rerunthe programfor further
analysisge.g.calculatinglik elihoodratiosor profile likelihoods seedatatype=Genealogy

Start values for the Parameter s

theta=<Fst | Own:valuel,\alue2>
With Fst the programstries to usean Fst basedmeasuregMaynard Smith 1970, Nei and Feld-
man 1972) for the estimationof ®; and ©®, which arethe 4 x effective populationsize x muta-
tion rate for eachpopulation. Own: valuel, value2 definesarbitrary start values. The default is

theta=Own:1.0,1.Q whichis inapproriatgor sequenceatawherevaluesaround0.0laremorecom-
mon.

migration=<Fst/Own:valuel\alue2> (2-POP)
With Fst the programstries to usean Fgr basedmeasurgdMaynardSmith 1970, Nei and Feldman
1972, Beerli 1998, Beerli and Felsensteirl999) for the estimationof m;/mu andmg/mu. The

valuesfor Own aregivenin termsof 4N.m whichis 4 x effective populationsize x migrationrate
pergenerationThedefaultis migration=FST
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START VALUES FOR PARAMETERS

1 Use a sinple estimate of theta as start?
Estimate with FST (Fw Fb) neasure

2 Use a sinple estinmate of nmigration rate as start?
Estimate with FST (Fw Fb) mneasure

3 Miutation rate is constant? Yes

FST- CALCULATI ON (for start val ue)

4 Vari abl e Theta, M symetric

5 Model is set to Full migration matrix nodel

Are the settings correct?
(Type Y to go back to the main menu or the letter for an en-
try to change)

Figure9: ‘Start value for the parameter’ menu of Migrate

migration=<Fst/Own:Migration matrix > (N-POP)
Themigrationmatrixis an by n tablewith - onthediagonalndcanlook lik ethisfor four populations
mgration=OM: { - 1.0 1.1 1.2 0.9 - 0.80.7 2.12.2- 2.31.41.51.6

-}

or likethis

m grati on=OMN: { - 1.0 1.1 1.2
0.9 - 0.8 0.7
2.1 2.2 - 2.3
1.41.51.6 -}

mutation=<Gamma| NoGamma>

If thereare more than one locusthe programsummarizesover all loci. The Gammaflag allows

for the variation of the mutationrate of eachlocusaccordingto a Gammadistribution with shape
parameterx (alpha)(which is the inverseof the squareof the coeficient of variation (CV) of the
mutationrate, CV=standarddeviation/ mean). This computationallydauntingmostly for numerical
reasonsthe programis maximizinga productof integralsover all possiblemutationratesfor each
locuslikelihood. With Nogammathe summarizingstepis simply finding the bestparametersdy

maximizingthe sumof thelog-likelihoodsof eachlocus. Thedefaultis mutation=Nogamma

Fgr calculation
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Migrateis usingthe Fgr calculationonly to generatestartingvaluesfor the MCMC runs,whenyou did not
whnatto give your guess-aluesfor the parameterswith two populationandonelocuswe canonly calculate
3 quantitiesfrom thedatafor Fgr: the homozygositywithin eachpopulationandbetweerthem. Therefore
we only canestimate3 parametersgitherboth populationshave the samesizeanddifferentmigrationrates
or thesizescanbedifferent,but the migrationratesarethe same.

fst-type=<Theta | Migration >

fst-type=Theta
© for eachpopulationis variable,andthe migrationrateis fixed.

fst-type=Migration
Migration ratefor eachpopulationis variable,and © is fixed. If the numberof populationsin the
(N-POP) programis biggerthan 2 only the option fst-type=Theta is available. All pairwiseTheta
estimatesareaveraged.

Migration model
If you do notspecifyarything thejoint maximumlik elihoodestimateof all n x n parameterarefound.

custom-migration=< NON E|migration — matriz >
The migrationmatrix containsthe migrationratesfrom j to i onrow i, andthe © areon the diagonal. The
migrationmatrix canconsistof connectionghatare

@ 0: notestimated

@ m: meanvalueof either® or M.

@ S: symmetricmigration

@ c: constantalue(toghethemwith ni gr at i on=0OMN. . ort het a=OMN. . ) [doesnhotwork yet]
@ *: norestriction

The valuescan be spaceduy blanks, newlines A few examplesfor 4 populations: Full model: custom-
migration={****

*kk%k
*kkk

*kk%k }

N-islandmodel: custom-migration={m m m m

mm mm

m mmm

mmmm}

SteppingStonemodelwith symmetricmigrations,andunrestrictedd estimates:
custom-migration={*s00 s*s00s*s00s*}

Source-SinKthefirst populationis the source):
custom-migration={*000**000**0*000 }
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SEARCH STRATEGY

1 Number of short chains to run? 10
2 Short sanpling increnment? 20
3 Nurmber of recorded geneal ogi es in short chain? 500
4 Nurmber of long chains to run? 3
5 Long sanpling increnment? 20
6 Nunber of recorded geneal ogies in |ong chain? 5000
7 Nurmber of geneal ogi es to discard at

t he begi nning of each chain? [Burn-in] 200

Qbscure options (consult the docunentation on these)

8 Tenpering (Heating) during increment: No
9 Sanpl e at least a fraction of new geneal ogi es? No
10 Epsil on of parameter |ikelihood

[ pl ease read the manual for this!] 100. 00000

Are the settings correct?
(Type Y to go back to the main nmenu or the letter for an en-
try to change)

FigurelO0: ‘Search strategy’ menu of Migrate

Search strategy

This sectionis the key to goodresultsandyou shouldnot just usethedefaults,for guidancenow | would do
this seein the sectionhow long to run.

Theterminologyof short or long chainsis arbitrary actuallyyou could choosevaluessothatshortchains
arelongerthanthe“long” chains. Anyway, Markov chainMonte Carlo (MCMC) approachetendto give
betterresultswhenthe startparametersre closeto the maximumlik elihood values. Oneway to achiee
this is running several shortchainsandusethe resultof the last chainasstartingvaluefor the new chain.
This shouldproducebetterandbetterstartingvalues,if the shortchainsarenottoo short.

Number of short chainsto run? (short-chains=value
we run mostof thetime about10 shortchains whichis enoughif the startingparametersrenottoo
bad.Defaultis short-chains=10

Short samplingincrement? (short-inc=value)
Thesampledgenalogiesrecorrelatedo reducethe correlationbetweergenealogieandto allow for
awider searchof the genealogyspacegbettermixing), we samplenot every genealogythe defaultis
short-inc=20 meanghatwe samplea genealogyandstepthroughthe next 19 andsamplethenagain.

Number of stepsalong short chains? (short-steps=walue)
The default numberof genealogieso samplefor short chainsis about200. But this may be to
few genealogiegor your problem. If you big datasetsit needsnormally bigger samplesor higher
incrementgo move aroundin the genealogyspace.
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Number of long chainsto run? (short-chains=\alue
we runmostof thetime 2 long chains.Thefirst equlibibratesandthelastis the onewe useto estimate
theparamtersDefaultis long-chains=2

Long sampling increment? (long-inc=value)
Thedefaultis the sameasfor shortchains.

Number of stepsalonglong chains? (long-steps=walue)
Thedefaultnumberof genealogie$o samplefor long chainsis about2000.1 oftenchoosehe“long”
chainsabout10timeslongerthanthe“short* chains.

Number of genealogiedo discard at the beginning of eachchain?
(burn-in=value)
Eachchaininheritsthe lastgenealogyof the lastrun, which wascreatedwith the old parameteset.
Thereforethefirst few genealogiearebiasedowardsthe old parameteset. Whenburn-in is bigger
thanO, thefirst few genealogiefn eachchainarediscardedThe defaultis burn-in=200.

Obscure options

If youarenotexperiencedvith MCMC or run Migrate for thefirst, second,..time, do not botheraboutthe
optionshere.

Temperedtransitions: [to comeandnotfully testyet]

Sampleat leasta fraction of new genealogies? moving-steps= Yes:ratio | No >)
With somedatathe acceptanceatiois very low, for examplewith sequencelatawith morethan5000
bp the accpetanceatio dropsbelov 10% andoneshouldincreasehe lengthof the chains.Onecan
do this eitherby increasingthe long-inc, or long-stepsor by usingmoving-steps The ratio means
that at leastthat ratio of genealogiespecifiedin long-stepshave to be newv genealogiesindif that
fractionis not yet reachedhe samplerkeepson samplingtrees. In unfortunatesituationthis cango
on for aratherlong periodof time. You shouldalwaystry first with the default moving-steps=No
An example:
You specifiedlong-steps=200(andlong-inc=20 and the acceptance-ratizvas only 0.02, you have
visited 40,000 genealogieof which only 800 are nenv genealogiesso that you have maximally
sampled800 differentgenealogiedor the paramterestimation. In a new run you cantry moving-
steps=%s:0.1 the sampleiis now extendingthe samplingbeyondthe 40000genealogiesindfinally
stoppingwhen4000new genealogiesverevisited.

Epsilon of parameter lik elihood (long-chain-epsilon=value)
Thelikelihoodvaluesareratios
L(P) 1 Prob (G;|P)

— _ BeerliandFelsenstein1999
L(Py) n — Prob (G;|Po) ( 1999)

When the Likelihood valuesare very similar then the ratio will be closeto 1, or 0 whenwe use
logarithms. This meanghatthe sampletis notimproving drasticallybetweerchains:(a) it foundthe
maximumlik elihoodestimateor (b) it is sofarfrom the maximumlik elihoodestimatehatthesurface
is soflat thatall likelihoodvaluesareequallybad. usinga smallervaluethanthe default long-chain-
epsilon=100.0Cor examplea valueof 1.0 would guarante¢hatthe samplerkeepson samplingnev
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long chainsaslong asthatlog-likelihood-diferencedropsbelon 1.0. In somecaseghis will never
happerandthe programwill notstop.

Parmfile specific commands

Impor tant parmfile options

menu=<YegNo>
definesf the programshouldshav up the menuor not. Thedefaultis menu=Yes

end
Tells the parmfilereaderthatit is attheendof the parmfile. THIS IS NEEDED!

Options to change the lengths of words and texts
If youchangaheseyou shouldunderstanavhy youwantto dothis.

nmlength=number
definesthe maximallength of the nameof an individuum, if for a strangereasonyou needlonger
namesthan 10 characterge.g. you needmorethan10 charsto characterizean individual) andyou
do not needthis very oftenthensetit to a highervalue,if you have no individual namesyou canset
this to zero(0) andno Individual namesareread. the defaultis nmlength=10, this is the sameasin
PHYLIP.

popnmlength=number
Is the lengthof the namefor the population.Thedefaultis popnmlength=100

allelenmlength=number
This is only usedin theinfinite allele case.Lengthof anallele name,the default shouldcover even
strangelab-jagonslike Rvf or sahss (Rana ridibunda very fast, Rana saharica superslow) The
defaultis allelenmlength=6

Likelihood ratio tests and profile likelihood

> ONLY with N-POP: This section is still incomplete <.

Likelihood ratio test

The parameteestimationis donewith a maximumlik elihood method,this givesthe opportunityto easily
test different hypothesesagainst others,when the hypothesesare hierarchical(e.g. Casellaand Berger
1996). For example,we wish to testthatthe migrationratesarethe samein atwo populationmodelwith 4
parameters:

Hy :Magy # Mz 01 = 01,0, = O, (1)
Hy :Map = M2 01 = 01,05 = O, (2
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andthencantestusingtheteststatistics

L(©,
—2log ( L((@))> < X?lf,a (3)

In the examplethe degreesof freedomwould be two: we are changingtwo parameters We needto run
m gr at e with thefull model: all parametecanvary independentlyWe get parameteestimate®);, O,
Moy, and M,. We comparethis maximumlik elihoodwith the lik elihoodwhenwe restrictthe migration
rateto be the samefor examplethe meanof both estimates.The ratio betweerthesetwo likelihoodsis in
thelimit (if thereis ahugeamountof data)y? distributed(Formula3, Figure11).

If you have mtDNA datathis methodss theoreticallynot applicable because/ou cannotincreasehe data
beyondthefull sequencef the mitochondrionbut | ampretty surethatfor mostsituationsthe testwill be
still appropriate.Thereis a problemdueto the implementatiorof the programthatwe cannot allow that
parametergoto 0.0. A parametepf 0.0 hasa 0.0 probability. Testsagainst0.0 needa halfedsignificance
level, becausave truncateat 0.0, andthereforearetestingonly one-sided...cit...).

0.0 \
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Figurel1: Likelihoodratio test: dashedareasare outsideof the 95% confidencdimit. © is 4N, u; df = 1,
a=0.05

Do not forget that theselik elihoodsare only approximations.Comparisorwith exact likelihoodsfor ge-
nealogieswith 3 tips andno migrationshav thatthe MCMC curves are exactly the sameasthe “exact”
curves. Whenthe programis not run long enoughthe MCMC curvestendto be wider thanthe “exact”
curvesandhave their maximumbiasedtiowardsthe parametewalueat which we run the chains.We expect
whenthereare mary sampledindividualsthatit is likely that you run the programnot long enoughand
thereforewill getwrong confidenceanterval estimatesandwill stick too closeto the startparameters(Fig-
ure 12). You cancheckfor this by runningthe programseveraltimesfrom very differentstartvalues.Just
looking atthe point estimatesis probablynot enoughyou needto inspectthe profile lik elihoodstoo. Most
of thetime it seemghatrealsinglelocusdatais notvery greatfor the estimationof migrationratesandthe
“confidence’intervalsarehuge.
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Figure 12: Log likelihood curves from (a) the exact likelihood calculation for a genealogywith 3
samples,(b) an MCMC basedestimatorwith only one (1) sampledgenealogywith startvalue ©, =
Wattersorestimate (c) with oneacceptancesinga ©, = 0.00001. Thedataare3 sequencesach1000bp
long andgenerateavith a® = 0.1, runningthe programsomel000genealogiesleliversalik elihoodcurve
indistinguishabldrom the exactlik elihoodcurne.

Forthepar nf i | e thereis anoptionl-ratio which you canuseto definea hypothesisagainstthe program
run (Null-hypothesis).You canrepeathe statemenfor testingmorethanonehypothesisput you mayneed
to correctyour significancdevel for multiple tests. The syntaxis:

[-ratio: <MeangLoci><:paraml,param2,param3,....paramn*mn>

Meansover all loci

loci for eachlocus, this may not be valid for sequenceghe likelihoodratio testassumegonvergenceif
the samplesizegoesto infinity, but with a finite sitesmodelandonelocusthis cannot be achieved,
sothethe y? statisticmaynotbeappropriate.

Thesyntaxfor eachparaml, paramz2,...is rathercomplicatedparaml = <* |x | m | value>

* thevalueis the sameasthe onefrom theestimatg= H,)

x thevaluewill be maximized.

m thevalueis the meanof the parametersgither® or 4 N.m.
valueis ary arbitraryvalueyou wantto testagainstthe Hy.

Exampledor two populationdor the parmfileentries:
|-ration=Means:0.01,0.011,1.0,1.1;
I-ratio=Means:*,*,m,m;

I-ratio=Means:x,m,*,0;

Theparameterareorderedaccordingo thefollowing rule:
01,02, .1, O, AN g 1 ANy 1, o, ANy, 1 AN my 9, AN o, AN o, ANE M)
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Althoughyou specify4 Nm theprogramevaluatesM for thetestandprints4d Nm = ©. M. Thisseemsnore
accuratethenthe parameter® and M areuncorrelated.

Examplewith 3 populationshasedn the following migrationmatrix:

- 2 1
1.8 — 1
0.5 0.6 —

resultsin thestring

I-ratio=Loci:***2,1,1.8,1,0.5,0.6;

Do not forgetthe semicolon the currentprogramis picky andneedst > the program should be more
forgiving <.

Profile likelihood

Parameteestimationin high dimensioncauseseriougproblemsn the presentatiomf results:for 2 popu-
lationwe have 4 parametersyith 8 population64, etc. Onewould lik e to shav the high dimensionaburface
but we arecrudelylimited to 3 andperhapsanunderstandyraphsup to five. Shaving oneparameteat a
time only shavs us a transectiorthroughthe solutionspace put is perhapghe bestwe cando. By using
profile likelihoodswe cantracea parameterandalsoseehow the otherparametechangeat given values
for our profile parameter Insteadof finding the parameterat the maximumlik elihood, we fix the profile
parameterlat somearbitraryvalue andthenmaximizethe otherparameterst that profile likelihood. This

constructsa paththroughthe solutionspacewhich we canuseto constructapproximateconfidencdimits

usingthe likelihoodratio testcriteria (Fig 13) with a degreeof freedomof 1 (well, thisis truein “asymp-
topia” but may producevery tight confidencantervals (seeBeerli andFelsensteir2000). Severaladwanced
statistictextbooksdiscusghe useof lik elihoodratio andthe relatedprofile lik elihoods(e.g. Casellal996),
but | likethecompactandin my opinion,very readableshorttext of Meeker andEscobar(1995).

Monitoring progress

Theprogramwill shav additionalinformationif the progressflag is set(progress="¢sis thedefault). You

caneven seemorewith progress=erbose The progresss reportsimilar to the following screendump
fragmentfor eachchainandeachlocus. | addeda line numberwhich is not part of the output(Y means
standardprogresseport,V aretheadditionallinesin verbosemode).

01Y 11:49:01 Start conditions: theta={811.90959, 0.03487}, M-={140.99436, 0. 00000},
02y Start-tree-log(L)=-93.678120

03Y 11:49:01 Equilibrate tree (first 200 trees are not used)

04Y 11:49: 03 Long chain 1: | nL=0. 21525

05Y t het a={ 0. 04026, 0. 05527}, M={83.96647, 45. 78351}

o6V Sanpl ed tree-1og(L)={-98.760356 .. -93.035062}, best in group =-93.019453

o7v | og(P(g| Param) -20to -18 -16 -14 -12 -10 -8 -6 -4 -2 0 Al
o8V Count s 0 0 0 0 0 0 0 0 144 56 200
09V Maxi m zati on steps needed: 134

1o0v Coal escent nodes: 0 1 2 3

11v popul ati on o * - - -

12v popul ati on i

13Y Accept ance-ratio = 1095/ 2000 (0.547500)
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Figure13: Profilelikelihood,for a seriesof valuesof a parameterthe otherparameteare maximizedand
thelik elihoodgiventhat parameters highestalongthe straightlinesin A. (A) Contourplotsfor a run with
two variablesthethick linesarethe 50%, 95%, and99% confidencecontours.(B) is the profile lik elihood
curve for © and(C) is the profile likelihoodcurve for 4ANm (basedon M). The95%confidenceangefor B
andC arefor valueswith log likelihoodvaluesabove -2.

14Y 11:49: 09 Fi nal paraneter estimation over all |oci
15Y

16Y <paste in correct part>

17Y

18Y 11:49:09 Program fi ni shed

Thevaluesreportedshouldgive somehintshow the programprogressethroughthe samplespace Thetree
likelihoods(line 06V) shouldgo steadilyup until a peakin thelikelihoodsurfacehasbeenreachedlt can
godown throughavalley of badvaluesandeitherrecorer onthe samepeakor anotherone. If this process
runslong enoughit is guaranteedhatit will find the global maximum. But the programis not searching
the tree-likelihood maximum,it searcheshroughthe spacedefinedby Prob (D | G)Prob (G | P) andits
maximumis not necessarilyatthe highesttreelikelihood. The “histogram” (07V, 08V) of the Prob (G | P)
reflectsthis. the histogramis scaledso thatthe bestvalueis 0. If mostof the valuesarein the topmost
classthe estimateis probablyin goodaccordancevith the trees,otherwisethe processshouldrun longet
Of courseif all genealogiesrein the topmostclassone could wonderif the processs samplingdifferent
treesat all, but this canbe checled with the acceptanceatio. If the Acceptanceatio (13Y) dropsbelov
10% considerto run the programwith tentime longerchainsjust to sampleenoughdifferentgenealogies,
sothatthe parameteestimatesrenotgovernedby afew genealogiesnly.
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If the singlelocus maximizationstepneedsmorethan 200 iterations(09V), pleasesenda report, thenit
shouldfind mostof thetime the maximumin fewer than50 iterations.
If you have choserto discardthefirst few treesusingburn-in=value, youwill seeline (3Y).
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Accurac y of results

Run time and accuracy

> Not complete «

If you have lookedin themenuSear ch St r at egy thenyou saw thatwe distinguishbetweershortand
long chains.Sincethe MCMC processs goingfrom a not sogoodestimatgthe first guessyou specifyin
Start val ues for Paranet ers) to abetterestimatealonga “gradient” on thelikelihoodsurface,
the success$n recoveringthe bestparameterss driven by the steepnessf this surface. This meandf there
is few informationin the data,the likelihood surfacewill be flat andthe estimationprocessneeda long
time to wanderto a peak(if atall) . The shortchainsallow for a burn-in periodin which the the treesand
the parametersanequilibrate for thefinal estimatenve useonly thelastof thelong chains. The necessary
lengthof thesechainsis specifiedby the numberof individuals,lengthof sequenceandvariability of the
data. Thereareno goodestimatesvhata goodlengthfor thefinal chainsshouldbe, but watchfor a paper
of JoeFelsensteimliscussingpower calculationsn a singlepopulationcase.

For Migrate it seemghatin simulateddatasetsvith around20individualsand10 “electrophoretic’loci the
truth canberecovered.

During my simulationsfor the paperon M gr at e, | detectedoroblemswith the accurateestimationof
the migrationratewith startto be obvious with very long sequenceésayabove 1000bp). Thefirst treeis
constructedusingan UPGMA topologyanda Fitch algorithmto insertthe migrations. This processwill
insertaminimumof migrationsontothetree.If now thesequencedefineagoodtopologyfor yourguessed
start parametershe programwill tendto be stuckwith this startingtree. This is fine for estimatingthe
populationsize, but the migrationsare not well distributed on the tree. I am currentlyworking on some
extensionthattheprogramis searchindong enoughthroughthe genealogyspaceavenin thesecasesAt the
momentl recommendhatyou run longerchainsandwatchthe acceptance-rejectioif, the programfinds
about200new treesfor shortchainsandabout2000treesfor long chainsor morethentheestimatiorprocess
shouldbefine. If in yourinitial runyou seeacceptanceatiosof only 2% you shoulddefinitelyincreasehe
lengthof the chains,or usethe option moving-stepsor considetheating(tempering)> implemented but
not test yet <.

Quick guide for achieving “good” results with mi grat e
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Of coursethis is not a fool proof guide, thenit’s easyto give advicewith datasimulatedusingthe same
sequencenodelastheinferenceprogram.But, besidesnonitoringprogress| would:

@ RunMigrate with the default valuesusingFst to find the startparameters.

@ Checkthelog, if thedata-likelihoodof thestarttreefor eachchainis walwaysimproving thenconsider

to supplyyourown distancematrix(di st f i | e option),or give own startingvaluesor run moreshort
chains.

@ Rerun,usingthe obtainedoarameteestimate®f thelastrun.

o If theresultsdo notchangemuch, perhaps/ou canstop. Otherwiseincreaseghelengthof the chains,

increasingheincremenishort-inc andlong-inc is notincreasinghememoryusagebut you canalso
increasethe numberof sampledgenealogiegshort-sampleor long-samplg. For exampleincrease
by afactorof 10.

@ Changeherandomnumberseedandcheckif you getsimilar results.

How to avoid conflicts with other computer users

Theruntime of m gr at e is highly dependenbn the numberof populationsthe lengthof the chains,and

thenumberof loci. It is commonthata singledatasetcanrun for mary hoursevenvery fastmachinesFor

someusersthis canproducea problem,eitherthe systemadministratoror otherusersgetsmadaboutyou

consumind‘all” resourcesthisis mostly CPUandfor large datasetsalsomemory

For UNIX systemstheimmediate but perhapsvrong, answerto this peopleis thatthesedemandingoro-

gramsareoneof thereasongo usethesefastcomputersarunof n gr at e doesnormallynotcompromise
ary editing, mail readingword processingpn sharednachinesTo free aterminalyou canput migrateinto

backgroundandlog out.

1.

2
3
4.
5

Runmi grate-n

. Changeghemenuasyouthink is apropriate.

. In themainmenuuse(W)rite a parmfile.

Kill the program(Control-c)or use(Q)uit.

. Editthe par nf i | e andchangethe entry menu=YES to nenu=NO andary otheroptionyou want

to change.If you intendto run the programseveral timesyou shouldchangefor eachrun the the
random seed=0OWN: sonenunber .

. Rerunthe programwith

nohup (nice mgrate-n > mgrate.log ; date | \ mail -s ‘‘migrate fin-
i shed’’ yourenmil address) &

thenohup allowsyouto logoutwithout stoppingthe program additionallypotentialoutputis logged

into nohup.out.Theni ce causedo programto run slower whenotherusersare usingthe machine
“unniced”. On senersthe nicing often happensutomaticallyafter sometime or they have a specific

batchsystem askyou systemadministratomhat’s bestfor alongrun.
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7. logoutor do somethingelse,youwill getmail whenmigratehasfinished,if you arecuriousandwant
to known whenapproximatelyit will finish peekinto thefile m gr at e. | og, butdonotsaveit.

For Windows and especiallyMacintosh systemsthe programis unfortunatelynota sogoodcitizenandis
disturbingotherprograms.To runlongni gr at e onthesemachineghebestway is to runthis ona private
machineswhereyou have the control.
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Presentation of results

Contentof theoutputin out f i | e: Someof the outputoptionsvary accordingo thedatatype + = always
presentp = optional,Default = x

Item Description Status
List of options all usedoptionsarespecified +
Summaryof data (Too) shortdatasummary +
Dataset Print of the dataset o]
MCMC estimates List of the estimatecpbarameter$or eachlocusandthemean +
Shapex Estimationof the shapeparameters: for thevariationof the mu- o]
tationrate
Fsttable Tableof the possiblestartvaluesgeneratedvith a Fsrestimator o]
plots plot of thelik elihoodsurfacein outfile Ox
plot of thelik elihoodsurfaceinto mathfile o]
a-histogram Tableof shapevaluesversudog(likelihood),« isvaryingwhereas o
the other parametersare held constantat the maximumof the
surface.
Profiles Profilelikelihoodtables 0%
Percentiles Percentilesable,summaryof profile tables Ox

The Fgp calculationsarebasedon meandifferencesn populationscomparedo meandifferencesetween
populationsfor moreinformationyou shouldconsultMaynardSmith (1970)andHudsonetal. (1989).In
the Appendixyou canfind a sampleoutfile with somecomments.

Walk through an outfile

Thefollowing outputpiecesarefromout fi | e. seq in theexanpl e directory

Title and Options

Exanpl e for sequence data
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M GRATI ON RATE AND POPULATI ON SI ZE ESTI MATI ON
usi ng Markov Chain Monte Carlo sinulation

Version 0.7

Program started at Sun May 22 23:40:38 1998
finished at Mon May 23 00: 25:32 1998

Options in use:
Dat at ype: DNA sequence data
Random nunber seed (with internal timer) 674365543
Start paraneters:

Theta val ues were generated fromthe FST-cal cul ation

M val ues were generated fromthe FST-cal cul ation
M gration nodel: Mgration matrix nodel with variable Theta
Ganma-di stributed nutation rate is not used
Mar kov chai n paraneters:

Short chains (short-chains): 10
Trees sanpl ed (short-inc*sanpl es): 10000
Trees recorded (short-sanple): 500

Long chai ns (I ong-chains): 3
Trees sanpl ed (1 ong-inc*sanpl es): 100000
Trees recorded (Il ong-sanple): 5000

Nunber of discard trees per chain: 200

Print options:

Data file: infile

Qut put file: outfile

Print data: No

Print geneal ogi es: No

Pl ot dat a: Yes, to outfile and mathfile

Profile |ikelihood: Yes, tables and sunmary

Thisis thetitle andoptionspart. Don’t cut away the options,soyouwill still know afew weekslaterwith
whatkind of optionsandhow long you runthe program.

Summar y of the data

Sunmary of data:

Dat at ype: Sequence data
Nurmber of 1 oci: 1
Popul ati on I ndi vi dual s
1 popul ati on_nunber_0 25
2 popul ati on_nunber _1 21
Total of all popul ations 46

Enpiri cal Base Frequencies

Locus Nucl eot i de Transition/
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1 0.2461 0.2450 0.2497 0.2591 0. 60000

Thedatasummanyis (too) short,andself explanatoryyou canalsoprint thedata(not shavn). Printthedata
thefirst time you usethe programwith your dataandcheckif it wasreadcorrectly: | controlthe first and

thelastindividualin apopulationandchecka few sitesat bothendsof thesequencelf the programcrashes
shortlyafterthe startalmostcertainlythe datacontainssometrouble. The mostcommonerroris having the

wrongnumberof individualsand/ornumberof sites.

Parameter estimates

MCMC est i mat es

Popul ation [x] Loc. Log(L) Thet a 4Nm
[4Ne mu] 1,x 2, x

1: popul ation 1 2.88 0. 04567 ------- 4.03909
2: popul ation 1 2.88 0. 02857 7.80435 -------

Comrent s:
There were 10 short chains (500 used trees out of sanpled 10000)
and 3 long chains (5000 used trees out of sanpled 100000)

This is the main outputof the program. For eachpopulationthereis a list of all loci andthe estimates
andif thereare morethanonelocus, thereis alsoan estimateover all loci. TheIn(L) is the maximum
log likelihood. This valueis aratio In(L) = In(L(P)/L(Py)). The parametefP, aredifferentbetween
differentrunsof the programandthereforeyou cannotsimply comparebetweerdifferentruns.
Thecolumnmarked Theta(0) givesthe populationsizesfor eachpopulationandeachlocus,of coursethe
numberof individualsin that population V. is for all loci the same,and the varianceyou seeis (a) the
varianceof the sampler (b) stochasticzariancedueto the coalescencprocess(c) varianceof the mutation
rate. The migrationparameter N m is to readthe following way: in populationl, the 2,x meanshatthe
immigration from populationtwo into oneis 4N1meo1; = 4.039. in population2 the 1,x meansthat the
immigrationfrom populationoneinto two is 4 Nom15 = 7.804 If the programis alsoallowing for variable
mutationrate (you don't wantto usethatwith onelocus),thenyou will getalsoan estimatefor the shape
parametenlpha(«) for thedistribution of the mutationrates.

Fgp table
This will not be shawvn as a default, anymore. It is merely usedas a startingvalue for the Maximum
likelihoodestimatesThetablearesimilar to thetableof the MCMC estimates.

Likelihood surface plots

Log- Li kel i hood surfaces for each of the 2 popul ations

= Maxi mum | i kel i hood
* = in approximative 50% confidence limt
= in approxinmative 95%confidence limt
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Locus 1

= in approximative 99% confidence limt

x-axi s= 4Nm [effective popul ation size * mgration rate],

y-axis = Theta,

units = 1 ogl0
Maxi mum | og |ikel i hood on pl ot
Popul ation 1: popul ati on_nunber _0

I mmi gration: 4Nne5. 179470, Theta=0.051795
Enmmi gration: 4Nn¥13. 895000, Theta=0.051795,

I mmi gration

-3 -2 -1 0 1
- - - - - e e R +----
2 +
I
I
|
I
I
|
1 +
I
|
I
I
|
I
0 +
|
I
I
|
I
I
-1 + -
| ++* +
| -+*X*-
| R s
| +4++-
I
|
-2+
I
|
I
I
|
I
-3 +
- oo - - +------ +------ +------ +----
-3 -2 -1 0 1

+ - "+ -+ -+ /- — +

log likelihood=2.678661

I og |ikelihood=2.749731

Enmi grati on

-3 -2 -1 0 1 2
- - - - Fomem e Fommmm - oo - R ++
+ +
I I
I I
I |
I I
I I
I |
+ +
I I
I |
I I
I I
I |
I I
+ +
I |
I I
I I
I |
I I
I I
+ -- +
| R
| +*x~k +*+ |
| R et S |
| -4+ 4+ |
I I
I |
+ +
I I
I |
I I
I I
I |
I I
+ +
Ft------ R Fo--m- - +o--m - Fo-mm - ++
-3 -2 -1 0 1 2

For eachpopulationandeachlocustherewill beasummarycontourplot for all immigrationsandall emmi-
grations.Theseplotsgive someinformationaboutthe confidenceyou shouldhave in the estimatesKeepin
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mind thatevenwith two populationghereare4 parameterandthelikelihood. A plot is akind of diagonal
throughthis high dimensionabkpacg(in this example:5 dimensions);

Profile likelihoods

Profile Iikelihood for paraneter Theta_1l
Paranmeters are evaluated at percentiles
using cubic splines of profiled parameter
(faster, but not so exact).

- = not possible to evaluate, nost likely value either 0.0 or Infinity
in the paraneter direction, the likelihood surface is so flat
that the calculation of the percentile(s) failed

Theprofile likelihoodtablegive you someideahow the parametersary whenwe hold oneconstantln the
defaultsettingthe programtriesto find the parametewaluesthatareat percentilesHow thisis donefor ©:
(1) calculatethelik elihoodvaluefor afew valuessmallerandbiggerthanthe ML-estimate.(2) calculatea
splinefunction. (3) find the © thatis atthe percentiler usingthesplines.(4) recalculatehelik elihoodand
maximizethe otherparameteagain usingthefull formula. In theexample,©; variesalmostindependently
from the others Jooking morecloselyit seemghat©, slightly shrinkswhile ©; grows.

Summar y of profile likelihood tables

Sunmary of profile Iikelihood percentiles of all paraneters

Par anet er Lower percentiles
0.01 0.05 0.10 0.25 0.50
Theta_1 0. 02228 0. 02399 0. 02497 0. 02664 0. 04567
Theta_2 0. 00946 0.01188 0. 01331 0. 01567 0. 02857
M21 30. 53718 36.49126 39. 97529 46. 64759 88. 43845
M 12 114. 08445 132. 49441 143. 22648 163. 32323 273. 21045
Par anet er Upper percentiles
0.50 0.75 0.90 0.95 0.99
Theta_1 0. 04567 0. 07889 0. 09003 0. 09660 0.11190
Theta_2 0. 02857 0. 05709 0. 07586 0. 09833 0. 15052

37



M 21 88. 43845 201. 06595 215. 26333 225.18048 245. 85767
M 12 273. 21045 805. 85153 896. 08361 957. 07762 1083. 66503

- = not possible to evaluate, nost likely value either 0.0 or Infinity
in the paraneter direction, the likelihood surface is so flat
that the percentiles cannot be cal cul at ed.

This summarize®nly the likelihoodand profile parametecolumnin the profile likelihoodtablesandcan
be usedto give someideaaboutthe confidenceyou shouldhave into the estimates®, hasa approximatve
90%-confidencénterval from 0.02399to 0.09660with a bestestimateof 0.04567.(the datawassimulated
with a©®; = 0.05, for further“true” valuesseethe READVE in theexanpl e directory
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Frequentl y asked questions, errors and warnings, and
troub leshooting

This sectionwill increasesvhen| get more feedback. The order of the questions/answeris probably
randomor historical.

Questions

1. How canl codehaploiddatafor Migrate?

2. | have haploiddata,whatis ©7?

3. | have mtDNA sequenceéatawhatis ©?

4. Why aretheLik elihoodvaluesdifferentbetweerruns?

5. It runwith the default numberof chainsetc. Hasit runlong enough?
. How long doesit run?

. Canl usehaplotypefrequenciessinput?

Answers

1. | have haploid allelic data, how should| structur e my infile
Unfortunately I was biasedtowardsdiploid datafor microsatelliteand enzymeelectrophoretidata
andyou needto fake diploidsfor theinfile. Your microsatelliteexampleddatalook lik e this:

Locusl Locus?2 Locus3 Locus4 Locus5

I nd1 11 45 14 15 89
I nd2 11 47 13 15 67
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I nd3 11 43 13 15 67
I nd4 12 47 13 15 73
I nd5 11 45 13 15 89

Andyouri nfi | e shouldlook like this

2 5 . Exanple input for haploid mcrosatellite data
5 Fake diploid population 1

I nd1 11. 7 45.7? 14. 7 15.? 89.7
I nd2 11. 7 47.7? 13.7 15.? 67.7
I nd3 11. 72 43. 7 13. 7 15. 72 67.7?
I nd4 12. 7 47.7? 13. 7 15.? 73.7
I nd5 11. 72 45.7? 13. 7 15. 72 89. ?

4 Fake diploid population 2
.. data not shown..

Or

2 5 . Exanple input for haploid mcrosatellite data
3 Fake diploid population 1
I nd1l nd2 11.11 45.47 14.13 15.15 89.67
| nd3I nd4 11.12 43.47 13.13 15.15 67.73
| Nd5???7? 11.? 45.? 13.? 15.? 89.7?
4 Fake diploid population 2
.. data not shown..

The*?” areremovedfor theanalysigBut recognizethatin sequencelatathe ? arenotremoved.

. | have haploid data, do | haveto multiply my ©, M and 4Nm?
The © you getwith haploiddatais ® = 2N, u. Comparingwith othervaluesfor haploiddatashould
befine, but you needto multiply whenyou comparet with a’T heta from diploid data.

. | have mtDNA data, do | haveto multiply my ©, M and 4Nm?
Seequestiombove, butin mostvertebratesntDNA is only passinghroughthe maternalineagesand
is haploid,for acomparisorwith diploid datayou shouldprobablymultiply by 4.

. Why arethe lik elihoodsbetweenruns differ ent?
Thelikelihoodsarereally ratios

L(P) 1 <~ Prob(D]|g)Prob (g;|P)

L(Py)  m = Prob (D | g;) Prob (g; | Po)

andwe run several chainsandupdatethe Py betweenchains. For a comparisorwe would needthat
the secondastchainof eachrun deliversexactly the sameparametersyhich we thenwould usefor
the comparison A possibilityis to run only onelong chainin eachrun with somegiven parameters
Po. Thisnotreallyrecommended the startvaluesarenotvery closeto thetrue parameters.
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5. It run with the default number of chainsetc. Hasit run long enough?
this dependsn the numberof populationsyou wantto analyze. If you have oneit will be almost
certainly enough. But if you try to analyze6 or moreit almostcertainly will not. You needto
experimentalittle with thelengthof chains.Seechapter3 (Accuragy of results).

6. How long doesit run?
With pr ogr ess=Yes theprogramtriesto estimatethe lengthof a runfrom thework it hasdoneso
far, afterthefirst shortchainithis maybe ratherimprecise but you mayrealizethatyou needto wait
minutesor days. Thetime calculateds only basedn the genealogysearchanddoesnotincludethe
time to createthe plots for eachlocusandpopulation. Thereforeif you have mary populationsand
mary loci you canexpectto wait longerthanthe time stampindicates. Thereis an addtionaltime
estimatefor the profile-likelihoods.

7. Can | usehaplotype frequenciesasinput? No, input formatsare a ratherarbitrary matter and|
decidedthatyou needto input eachsinglesequencef genotype.l principleit would be easyto add
a“frequeng” inputmode,but currentlyl have nottime to do that. But keepaskingfor it, if thisis so
importantto you.

Errors and warnings displayed by m grat e

The errorsare in no particularordering,but I will move more importantonesto the beginning of their
sections.

Errors

The programabortswhen it encountersne of the following conditions. Of coursethereare certainly
conditionsl have notthoughtof.

SEVERE ERROR: .... Mostoftenyouri nf i | e containsa problem(e.g. numberof sitesdoesnot match
the numberactualsitesgiven, numberof individualsdoesnot match). If you fail to correctthe problem.
pleasecontactme.

ERROR: Datatypeis wrong, pleaseusea valid data type!
ERROR: the program will crashanyway, sol stop now
You probablyspecifiedawrongletterfor thedatatypein theparnfil e

ERROR: Wrong datatype, only the typesa, m, s,n ERROR: (electrophoretic alleles,
ERROR: microsatellitedata,

ERROR: sequencalata,

ERROR: SNP polymorphism) are allowed.

You probablyspecifiedawrongletterfor the datatypein thermenu

ERROR: The parmfile containsan error on line XX
Therewasawrongentryor evenmorelikely wrongvaluesin thepar nf i | e online xx.

ERROR: Inconsistencybetweenyour Menu/Parmfile and your datafile
Mostlik ely your parmfileassumesherearen subpopulationandyou assumen subpopulationsProblems
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with themigrationmatrix arelik ely.

ERROR: Thereis a conflict betweenyour menu/parmfile
ERROR: and your datafile: number of populations are not the same
Most likely your parmfileassumesherearen subpopulationsndyou assumen subpopulations.

ERROR: cannotfind seedfile
You specifiedhattherandomnumberisin seedf i | e, but thefile is notpresentn thedirectorymi gr at e
is running.

ERROR: Failur eto readseedmethod, should be

ERROR: seed=autoor seed=seedfiler seed=evn:value
ERROR: where valueis a positive integer
Eitherseedspecificatiorin seedf i | e orpar nfi | e iswrong.

ERROR: Failur eto readstart theta method, should be
ERROR: theta=FST or theta=Own:x.x

ERROR: or theta=Own:{x.x, X.X , X.X, .....}

ERROR: migration=Own:migration value
thestartparameterarenot correctlyspecified.

ERROR: Failureto readstart migration method
thestartparameterarenot correctlyspecified.

ERROR: Custom migration matrix wascompletelysetto zero?!
the custommigrationmatrix wasnot correctlyspecified.

Warnings

WARNING: migration limit (xx) exceededyy

WARNING: resultsmay be underestimating migration rates

WARNING: for this chain

If this happennly a few timesin shortchains,don’t worry. If it happensn the lastchainor very often,
thenyour migraiton estimateswill be mostlikely underestimatedyut the migration ratesbetweenthese
populationswill bevery high, anyway. It meanghatthereis anupperlimit of possiblemigrationeventson
thegenealogiesandthisis setasa default to numberof_populationsx 1000.

WARNING: Migration forced

WARNING: resultsmay overestimatemigration rates

WARNING: for this chain

Migrationrateis essentiallyD.0,theprogramproposesometimesmigrationeventevensothe probabilities
would foceacoalescencehis heuristichelpsto escapehefatalattractionto 0.0. If 4Nmis smallerthan0.1
the programwill proposeandomlyevery tentheventa migrationevent. This genealogyhasthenstill to be
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accepted Hitting this boundarycanproducean upwardsbias,but it shouldbe only be recognizablevhen
your populationsarebarelyconnectedif atall.

WARNIN‘G: This doeslook lik e sequencealata

WARNING: | just reada number of sites=0

WARNING: If you usethe wrongdata type, the program will abort
Checkyour datatype!

WARNING:
WARNING: Targetbranch problemswith time=xx
WARNING:
If you encounterthis, abortthe program,andtry to find the errorin thei nfi | e, but if the dataprints
conrrectly pleasecontactme. Probablyl shoulddeclarethis a severeerrorandabort.

WARNING: proposedand newlik elihood differ: xx !=yy

WARNING: abort the program and try to find the errors

WARNING: there could be a wrong datatype, or infile

WARNING: to checkthe data you canprint it (seemenu)

If you have problemsto resol\e this error (checkfor errorsin infile), pleasecontactme andtry to give as
muchinformationasyou can(includingyour dataset).

WARNING: Inappr opiate entry in parmfile: keyword ignored
Thekeyword of a parmfileentrywaswrong,oftenmisspelled.

WARNING: You forgot to add your guessvalue:

WARNING: Theta=Own:popl,pop2,...

WARNING: or Theta=Own:guesspop (samevalue for all)

You probablyspecifiedTheta=Owrandforgotto saywhatvalues.

WARNING: You forgotto add your guessvalue, useeither:

WARNING: migration=FST

WARNING: or migration=0Own: {guess4Nm} (samevalue for all)

WARNING: or migration=0Own: { - 4ANm214Nm31.... ANm12- 4Nm23...}

You probablyspecifiedmigration=Ownandforgot to saywhatvalues.Seethe parmfilesection,abouthow
to give the migrationvalues.

Troub leshooting

If youthink you have founda bug pleasereportthisto

beerl i @eneti cs. washi ngt on. edu. | would like to know every warningyou seewhile you com-
pile the program,if you sendme bug-reportgleasancludeyour hardwareandsystemspecificationsyour
i nfile,yourparnfil e (if any), anda“printout” of thewarningsor errors.

BUT, mostly, the problemis thatthe datain theinfile is in a wrongformat: you canexpectthe programto
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crashwhenyoutry to usethedat at ype=Al | el i ¢ andyourinfile containssequenceéata.l amtrying to

reduceghenumberof strangesrrormessagedyut this haslower priority thanaddingnew features/impraing
code.

Pleasebefore you report a bug, compare your infile with the examples
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Program distrib ution and installation

Program availability

Migrate canbefetchedfrom our www-site
(http:// evol uti on. geneti cs. washi ngt on. edu/ | amar c. ht m ) andis freefor noncommer
cial use.Currentlywe have thefollowing packageswailable:

migrate.taigz Source

migdoc.pdf Documentation
migrate.src.pm.sea.hgx  Sourcefor povermac(Metrowerks)
migrate.pwvermac.sea.hgx Povermachinaries

migrate.alpha.tagz DecAlphaDUNIX binaries
migrate.openstep.tgz OPENSTEP/NeXTIntel] binaries
migrate.linux.taigz LINUX binaries
migrate.solaris.tagz Solaris2.6 binaries
migwin.exe WindowsNT/95self extractingarchive
Installation
Binaries

OnUNIX systemunpackwitht ar xvfz mgrate.[system .tar. gz or

gunzip -c mgrate.[system .tar.gz | tar xf -. Thisbuildsadirectorym gr at e with
asubdirectoryexanpl es, thefilesREADME, HI STORY, andtheprogramsri gr at e andm gr at e- n.
The programcanbemovedto alocationlike/ usr/ | ocal / bi n andthedocumentatiofHTML files are
in documentation/migratedot) your HTML directory(e.g./ usr/ | ocal / et ¢/ ht t pd/ ht docs). On
Pavermacsor Windows machinesioubleclick thearchive andafolder systemsimilarthe UNIX directories
above will becreated.
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Source

UNIX

1. gunzip -c migrate.tar.gz— tar xf - or
tar xfz migrate.tar.gzthis createsa directory”’migrate” with "src” and”examples”in it.

2.cd nigrate

3. configure
(this scriptschecksyour systemandwill reportfunctionsthe programneedsjf a functionis not, it
will reportanerror, which | needto know.

4. make
(pleasereportwarningsandespeciallyerrors)the resultshouldbe a binary i gr at e in the migrate
directory

5. make install
(this will install the programandman-pagento usr/local/bin,/usr/local/man/mani you needto be
rootto dothis; this stepis not necessary)

Powermac

Thesourcecodefor the Povermacis the sameasthe generalourcecodebut it is packagedvith aminimal
graphicalinterfacefile anda MetrowerksCodeavarrior project,which shouldmake it very easyto compile
(if youhave averyrecentMetrowerkscompiler).

1. Unpack(it is aself extractingarchive).

2. Openthemigratey file andusethesubmenuvake (I compiledwith MetrowverksCodeWarrior Pro4)
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Miscellaneous

Wish list

@ Sendmeareprintif youusedM gr at e for your publication.

o Citethedocumentatiomndour papen- Once it's published «, seebelow.

o Reportproblemsto beer | i @eneti cs. washi ngt on. edu

@ Suggestiongif you needtheseimprovementsrery soon,adda checksothatl canhire aprogrammer

to implementall thos)

How to give credit

Pleasecite:

Beerli, P. 1997. MIGRATE 0.7: documentatiorand program,part of LAMARC. RevisedMay 19, 1999.
Distributedover the Internet,
http://evol ution. genetics.washi ngton. edu/ | amarc. ht m
[Downloaded....date....]

Beerli, P.,, and J. Felsenstein.1999. Maximum lik elihood estimationof migration ratesand population
numbersof two populationausinga coalescenapproachGeneticsl52(2): 763-773.

Beerli, P. 1998. Estimationof migrationratesand populationsizesin geographicallystructuredpopula-
tions. In Advancesn molecularecology(Ed. G. Canalho). NATO-ASI workshopseries.|OS Press,
AmsterdamPp. 39-53.

Copyright

(c) Copyright 1996-1999%y PeterBeerli and JosephFelsensteinSeattle. Permissions grantedto copy
this documentandthe programMigrate-n and Migrate provided that no fee is chagedfor it andthatthis
copyright noticeis notremoved.
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Appendix

Mathematica plot package

If you have accesdo the programivat hemat i ca, you canopenthel amar c. exanpl e. ma in theex-
anpl e directory With it you cancreatenicerlik elihoodsurfaceplotsthantheonesyou seein theoutfile. >
the syntax used is only valud of migrate-0.4, | need to clean the approriate tools for migrate-n for
public consumption «

Example:

100 100
10 10
S
g 1I— P
j o
= 0.1 = 0.1
0.01 0.01
0.00 0.00
0.0010.01 0.1 1 10 100 0.0010.01 0.1 1 10 100
4Nm 4Nm

Histor y and persistent problems

[people]in bracletshelpedto find bugs/problems.
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May 19,1999MIGRATE-N 0.7 Updateddocumentationseveralminor things,warningsanderrorreport-
ing shouldbe moreconsistent] am addinga sectionto the manualthat describesall error/warning
messagefpartly done], the plotting graphicsare moreflexible now, but still needmorework. You
canspecifytherangeandtype of axes(log-scale std-scale)andif the migrationparameteshallbe
plottedas M=m/mu or 4Nm. Fix of inconsisteng in migrationvalue menuinput [ReinaldoBrito].
Fix of anerrorin the profile-method=RST (it will neednowv moretime to finish, becausét is doing
thefinal maximizationover all otherparameters)f youwantits old behaior, thatassumethatTheta
andM arenot correlatednot atoo badassumption]thenuseprofile=YES:QJICK.

Feb14,1999MIGRATE-N 0.6.3Updateddocumentatior{fixed errorsin descriptionof r andom seed
options,addedmportantmaterialto profile-likelihood), inclusionof improved manpage fixed con-
figurefor SGI's with outgcc.

Oct11,1998MIGRATE-N 0.6 Addition of datatype=rihatis for singlenucleotidepolymorphismdata,no
simulationwith this kind of datais yet done,sol do not know aboutbiasesetc. Profile tablesnow
report4Nm insteadof m/mufor the migrationparametersDocumentatiorcontainsnow moreabout
whatyou canandcannotdo with thereportediog(likelihood)values[Mats Bjorklund]. Binariesfor
OPENSTERwailable[thanksto MagnusNordboug giving meanaccounion his machine].Registered
users:206

Sepl, 1998MIGRATE-N 0.4/0.5[wasnotreleasedwastoo busywith otherthings]FST startvalueswork
now alsofor microsatellitedatabut | still needto checkthe correctednessf the FST tablewhenthe
dataare microsatellites.Fixed wrong emmigrationplots. Fixed wrong startcalculationsfor allelic
datawhen a delimiter was used,and several minor bug fixes. Profile-method'uncorrelated’from
versionalpha.lrecorered.Rejisteredusers:197

Junel4, 1998 MIGRATE-N alpha.3and MIGRATE-0.4.2 Several minor changesn migrate-n: menu
addition for -profile method: profile-method=jSpline— Percentiles— Discrete¢Spline: usesl-
dimensionakplinesto find percentilesfasterthanthe "Percentiles”option but not soaccurate;Dis-
crete”evaluatesat"fix ed” (0.02,0.1,0.2,0.5,1, 2,5, 10,50)* MLE of parameter-with progress=yes
you canseenow aroughprognosedime of endof samplinggenealogiesndif you useprofilesan
estimatedime of finishing. -Fix of readingin intermediateresults(sumfile). -Most importantly a
(hopefully) stablecompile for Windows, | failed to find the causewhy the programcompiledwith
WATCOM failedto finish with "bigger” datasets,it is now compiledwith mingw32/gcc-win32this
is a windows port of the samesysteml am usingon my workstation. Pleasereportfailures,| can
only try alimited setof examples.Migrate-0.4.2:new windows binary (usingmingw32/gcc-win32)
Registeredusers:163

May 30, 1998 MIGRATE-N alpha.2and MIGRATE-0.4.1With morethan2 sequencdoci, therewasa
problemwith the T/T-ratio, whenthe ratio was not specifiedfor eachlocus. Startparameteiprob-
lemswith microsatellitedatafixed [Mats Bjorklund]. Persistenproblemswith Windows executable
sometimeg getfloating pointerrors,on all othersystemshis doesnotoccur Registeredusers:153

May 29, 1998 MIGRATE-N alpha.landMIGRATE-0.4Memorybug in FST calculationfound andfixed
[Daniel Yeh] No changeof Migrate-0.4Registeredusers:148.

May 26,1998MIGRATE-N andMIGRATE-0.4This releasehasthetwo populationversion(Migrate-0.4)
and an alpha-\ersionof Migrate-nthat can solve migration matrix populationmodelwith unequal
populationsizesandunequalmigrationratesfor n populations] tried up to 10 andtheresultswhere
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fine,but| amprettysurethatif youtry to feedin all yourdateof 100subpopulatiorit will (a) probably
crash,but moreimportantly(b) will needTERRIBLY longto run. | would like to getsomefeedback
aboutwhatyouwantto seein theoutfile, menuetc. RegisteredUsers: 138.

March18,1998: MIGRATE 0.4

Updateof the manual,but still not complete.More comple sequencevolution models(categories,
weights,autocorrelatioretc.) shouldwork now, it wasbroken. Cleanupof someoutputfile lines,
andsomemenuentries. The FST estimation(RemembeFSTis only usedto generatestartparameter
values)is in pre0.4versiondogically flawed. It estimate parameterperpopulationusingF_within
andF_betweenput thereis only 1 F_between.Correctly we canonly estimatemaximally 3 param-
eterswith 1 locusfor two populations.l addedan optioninto the MENU andinto the PARMFILE
(fst-type=<Theta| Migration >) with which you candecidewhich parameters consideredhe same
for bothpopulations Registeredusers:103

August20,1997:MIGRATE 0.3.1

Confusingmenuentriesfor startthetaand4Nm valuesfixed[Carol Reeb],the startmigrationvalues
are now 4Nm and *not* m/mu valuesas before. Automatic Randomnumberseedon Macs and
perhapson other Systemaleliveredsometimesegative values,now fixed [Carol Reeb],althoughl
would recommendo useyour own randomnumberseeds:bestvaluesare4n + 1 in therangeof 5
.. 2147483647sothereareplenty of startrandomnumberseeds.Menu entry for usertreeoptions
shouldbe no more clear, the usertreeoptionsneedsa genealogywith migrationeventson it [Tony
Metcalf]. CurrentlyMIGRATE canconstructthose,or you have to do it by hand,if you needto do
this sendme email,because¢he docis not updated Registeredusers:52

June20,1997:MIGRATE 0.3.0
Brownian motionapproximatiorto stepwisemutationmodelfor microsatellitesadded.Solved prob-
lems: Input problemswith microsatellitesdata,major memoryallocationproblemfor datasetsvith
morethan100genecopiesfixed[Carol Reeb].Updateof somecitationandFST outputtables[Byron
Adams]. Persistenproblems:Long sequence&ND high numberof individualsneedmuchlonger
chainsthanthe proposeddefault. Try tentimeslonger”long” chains. Or usethe option "moving-
steps”.Registeredusers:38

May 12,1997:MIGRATE 0.2.1a
Fixed problems: Interleaved sequencealatashouldwork now, last characterf individual namesis
now printing, andprinting of secondoopulationdatashouldwork, too, althoughthe EP dataprintout
is still ugly. [Allen Rodrigo]. Memory problemwith someAllelic datafixed. Registeredusers:30

April 30,1997:MIGRATE 0.2a
Fixedproblemsor changesCorrectionf severalminor problems Printing of the datafixed, but still
ugly; Memoryproblemwith largesequencefixed. Options:treefileaddedcanwrite now agenealogy
with migrations;the option progress=¥rbosefor moreinformationduring a run, the progress=¥s
givesnow lessinformationthanbefore.Output: covariancematrix for combinedoci now prints, too.
Persistenproblems: -Long sequenceseedvery long chainsto remove the startingconditionsfor
the migrationratefrom the first tree (seedocumentation)-Microsatellitesstill have probablya bias
downwardsin Theta,but | needmoresimulationsto make this moreclear Registeredusers:8

March4, 1997: Firsttrial releaseof MIGRATE 0.1a
Thisreleasas notannouncedvidely, becausé have to test,almosteverythingincludingall HTMLs,
registration,andthe programitself: simulationsneedtime. Registeredusers:1
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