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Abstract

Migrate estimatespopulationparameters(effectivepopulationsizeandmigrationrates)usinggeneticdata
(Electrophoreticmarkers,microsatellitemarkers,sequencedata,andsinglenucleotidepolymorphisms).It
is a maximumlikelihoodestimatorandusesa coalescenttheoryapproachtaking into accounthistory of
mutationsanduncertaintyof thegenealogy. Currentlytherearetwo versions.(1) migrate-0.4 usesa
simpletwo populationmodelwith maximally5 parameters:two populationsizes,two migrationrates,and
ashapeparameterfor thevariationof themutationratesamongloci andfor sequencedatait canalsoincor-
porate,but not estimate,rateheterogeneityamongsites.(2) migrate-n estimatesa full migration-matrix
of � populations.Allowing for likelihoodratio testanddeliveringprofile likelihoodcurves. Development
on (1) hasstopped.I still fix bugs,of course.(2) is actively developed,thereforesomefeaturesin (2) needs
moretesting.



Theoretical considerations

Maxim um likelihood estimation of migration rates

Migratecalculatesmaximumlikelihoodestimatesfor migrationratesandeffective populationsizesof two
populationsusinggeneticdata(Fig 1). Theparametersto estimateare ��� , �
	 , �
��� , ����	 , whichare4 �
effective populationsize � mutationratepersitepergenerationandeffective populationsize � migration
rateper generationin population1 and2, respectively. The estimationprocessusesan expansionof the
coalescenttheory (Kingman1984a,b)which includesmigration (Hudson1990,Nath andGriffiths 1993,
Notohara1994).A likelihoodestimateof theparameters� usinggenealogies� with data� wouldbe

��� ����� � �����! � �#"$�%�&�����! � �'"(����)
This is thesumover the joint probabilityof thedatagivena genealogy(this is theconventionallikelihood
in aphylogenetictree)andtheprobabilityof thecoalescent.Unfortunately, this sumhasaninfinite number
of summands;we 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 introductionseeHammersley and Handscomb(1964) or Chib and
Greenberg (1995),andseeKuhneret al. (1995)for its applicationto thecoalescencetheory). We biasthe
searchpaththroughall treestowardstreeswith higherlikelihoods(Fig. 2) andhave thento correctfor this.
Thelikelihoodformulachangesto

��� ������ �
*+� �
,
�

-
.

�/�(�! ��0 "21 . �3�/�(�! � 1 . "2�4�
�����! �(0 "21 . �&�����! � 1 . "2�
*!� )

This is very reasonable,becausesummandswith low probabilitieswill almostnot contribute to the final
likelihood. For more informationon the basemodel,you shouldreadBeerli andFelsenstein(1999)and
Kuhneret al. (1995). The approximationof the likelihood using a ratio makes it difficult to compare
differentrunsof theprogram,if theprogramreportsa likelihoodthenthis is actuallya ratio of likelihoods
andsincewe recalculatethe parametersfor eachchain,the valuesfor �5* aredifferentbetweenruns,and
thereforeit is impossibleto comparethem. An escapeof this problemis to run theprogramusingthefull
model(e.g. 6'��6 parametersandusethelikelihoodratio testfor specificscenarios.
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Figure1: Populationsexchangingmigrantswith rate 9;: pergenerationsandwith size <>= . Theparameters
arescaledby mutationrate? which is with sequencedatapersitepergeneration.Theestimatedparameters
aretherefore:@A: whichis BC<ED :GF= ? andHI: whichis 9;:KJL? , themigrationestimateis morecommonexpressed
asBC<�9 which is just @
H .

BA

Figure2: (A) Onanimaginary, infinite likelihoodsurfacewewouldneedto sampleeverypossiblegenealogy
andsumall thesevalueswhich is not possible,but treeswith low probabilitywill not contributemuchto
thefinal likelihood,(B) by biasingtowardsbettertreeswecansampleeffectively from thosetreeswith high
contribution to thefinal likelihoodandcanapproximatethelikelihood.

Performance criteria

Thereis a difficulty with thesekind of samplersthatwe do not know how long we have to run thesampler
to get “accurate”estimates.Despitethehugeliteratureaboutmeasureswhento stopsampling,thereis no
goodcriteriaavailable.Severalwaysexist to investigateif theresultswegetaregood,wecancheckif

theprogramis samplingform theright distribution: runningthesamplerwith no data(e.g. sequence
datawith all “?????” data)shouldresult in the distribution M�N�OQPSR�T4U V
W+X�M�N�O!PSR(YZU T�X , the onewe
samplefrom.

simulationstudiesshow that we canrecover parametersandpopulationstructurethat was usedto
createthedata.

comparisonwith otherprogramsproducesimilar results. I comparedmigrate with genetree
(BahloandGriffiths 1999)andwith fluctuate (Kuhneret al. 1998).Thecomparisonwith gen-
etree usedtwo populations(EnglandandGhana:2.5 kb sequencedatafor the beta-globinlocus
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[Hardinget al. 1997])andtheresultswereverysimilar. For my paperonn-populationI haveworked
out a 100-locusdatasetsimulationthatshows thatgenetree andmigratedeliver thesameesti-
mates,andapproximative confidenceintervals,althoughgenetree is very slow comparedto mi-
gratefor thatspecificdataset(BeerliandFelsenstein,in prep.).Thecomparisonwith fluctuate
wasfor onepopulation,yesyou canrunmigrate with only onepopulation,andfor a datasetsim-
ulatedwith a []\]^!_`^Qa migrate delivered []\]^!_`^Qa!bQc with a 50%confidenceinterval of ^!_d^!e to^Q_`^Qa!f , while fluctuate deliveredapointestimateof [g\g^!_d^!aQa!h .
theprogramis samplingmany differentgenealogies;onecanshow this by plotting a curve showing
on thex-axesall sampledtreesandon they-axis the likelihoodof thegenealogy(in our casethis isi�j�kQlSm�nZo prq

, Figure3). A plot of asequenceof
i/j(k!lsmGtEo pvuKq(i/j(k!lsm�nZo pvu�q

is not usefulbecausethe
genealogiescontaindifferentnumberof time intervals,andthey arenot comparable.

Onecanshow thatstartingfrom randomstartparameters,theestimatesconvergeratherquickly after
a few shortchains,theupdatingof thestartparametersover severalshortchainsmovestheestimates
to theproperregion andtheremaininguncertaintyis only drivenby theoftenhugeuncertaintyabout
theparameterestimatesin thedata,akathelikelihoodsurfaceis flat for many parametercombinations
andthedata.

0 5000 10000 15000 20000
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Figure3: Datalikelihood
i/j(k!lSm(nZo prq

for all sampledgenealogies:A samplerun of migrationestimation
using2 populations,thevery longverticallinesmarkchainboundaries(10shortand3 longchains).Totally,a!^ shortchains w5x!^!^ sampledgenealogiesy�c long chains w sampledxQ^!^!^ genealogiesweresampledout
of total400,000.Thevaluesfor not recordedtreesarenotshown.

Data models

Infinite allele model

This assumesthatevery mutationwill resultin a new allele,thereis no backmutation(Fig. 4). This model
is usedin all currentimplementationsof electrophoreticdataanalysespackages(Biosys-1,GDA among
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others)andperhapsis appropriatefor this kind of data.Migrate is calculatingtheparametersfor eachlocus
independentlyandsummarizesat theendtaking the likelihoodsurfacesof eachlocusinto account.These
mean-parameterscanbe found by eitherassumingthat the mutationratehasno variation(asall, at least
thoseI know, otherprogramsdo) or usesa z distributedmutationratewith shapeparameter{ which is in
thiscase |

(coefficientof variation)}�~
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Figure4: Left: Mobility of electrophoreticmarker in anelectricfield. theallelesa,b,c,..describea possible
sequenceof mutation,their mobility is not correlatedwith the mutationalhistory. Right: The probability
thatagivenalleleis notmutatingduringsometime, this is a simpleexponentialrelationship.

Micr osatellite model

Ladder model
Theladdermodelwasinventedby OhtaandKimura (1973,1978)for electrophoreticmarkers,but wasnot
asgoodasexpectedin describingreal electrophoreticalleles. For microsatellitesthis modelseemsmuch
moreappropriate(e.g. Valdeset al. 1993,but seeDi Rienzoet al. 1994),hereobviously 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 assumingthe mutationrateis Gammadistributedor constant.This assumes,of course,independence
betweenloci.

Brownian motion appr oximation to the ladder model
This replacesthediscretestepwisemutationmodelwith a continuousBrownianmotionmodelTheresults
arevery similar to theexactstepwisemutationmodel,but theparameterestimationis several timesfaster.
This is work still in progress(FelsensteinandBeerli, in prep.).

Sequence model

Migrateimplementsthesequencemodelof Felsenstein(1984)availablein dnaml (PHYLIP4.0,Felsenstein
1997)(Fig.6). Thetransitionprobabilitieswerepublishedby Kishino andHasegawa (1989).Migrate does
not allow for recombinationsandthereforeis only well suitedfor mitochondrialsequencesor othernon-
recombiningDNA stretches.Summarizingover ”loci” assumesin additionthat the loci areunlinked. The
mutationrateamongloci maybeeitherconstantor following aGammadistribution.
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Figure5: Left: Numberof repeatchangesof a microsatellitemarker. Theprobability to have a slippageof
only onerepeatis higherthantheslippageof morethanonerepeat,in a giventime, heretime=0.1.Right:
Theprobabilitythata changeof 0,1,2,..stepsis occurringduringsometime.

Likednaml, Migrate alsoallows for differentevolutionaryrates,mutationcategoriesandautocorrelation,
althoughany useof theseadditionalfeaturescanslow doneto programto a crawl, but this maychangein
thefutureascomputersdoubletheir speedroughlyevery 2 years.
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Figure6: Left: Sequencemutationmodel.Transitionsareareshown in blacklines,transversionareshown
with dottedlines.Right: Theprobabilitythatatransitionor transversionis occurringduringsometime. The
shown graphusesequalbasefrequencies,but theusedmodeldoesnotneedthis restriction.

Single nucleotide pol ymorphism data (SNP)[Work in progess]

We usea ratherrestrictive modelsfor SNPs. Currentlytherearetwo versionsimplemented,but not fully
tested.If youwantto usetheSNPoptions,pleasecontactmebeforeyou run largescaleanalyses.

1. SNPweredevelopedfrom a panelpopulationof which we know thenumberof individuals,andthat
themarkersdevelopedwerevariable,but we donot know theactualnucleotidesfor theindividuals.

2. WehavefoundALL variablesitesandusethemevenif thereareonly afew membersof anotheralleles
present.In principalit is asyouwouldsequenceastretchof DNA andthenremovetheinvariantsites.

This is certainlynot how peopledevelopSNPs,but currentlytheclosestwe cancomeup with. The SNP
codingis otherwiseexactly thesameasthecodingfor DNA data.
If youwantto assumethattheSNPareunlinkedthenyouneedto codeeachSNPlikeasequencedatalocus
with onenucleotide(seetheexamplesfor sequences),I have run successfully50 SNPloci on a laptopwith
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40 MB of RAM. TheSNPdatais producinga hugeupwardsbiasfor � , for furtherexplanationswatchfor
a forthcomingpaper(Kuhner, Beerli,Yamato,Dubb,andFelsenstein,in press).
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Program usage

If youwantto know how to install or compiletheprogramgotothesectionsat theendof thismanual.
This manualis in a transitionphaseuntil the two-populationprogrammigrate and the � -population
migrate-n aremerged. Optionsonly availablewith the oneor otherprogramaremarked with either
(2-POP)or (N-POP).

Data file specifications

Thedataneedsto bein acertainform; for us,thefollowing formatwasmostconvenient.Eventuallywewill
includetheNEXUSformat(which is usedin MacCladeandPaup).
Syntax:a tokenis eitheraword,acollectionof words,or acharacteror anumber:�'���+��� ��� thetokenbetweenthethe“angle-brackets” is obligatory� ���+��� ��� in squarebracketsareoptional.� ���+��� ��� areobligatoryfor some
�'���+��� ����� ������� ����� chooseoneof thetokenkind of data.

A rangeof numbersin a “word” tokenasin � individual1 10-10 � meansthatthis tokenneedsto be
10characterslong. Thecharactersfor any word tokencannormallyincludespecialcharacters,punctuation,
andblanks,thetokenfor theindividualnameInd1 02 @ is legal. Themostcommondatafile for enzyme
electrophoreticdataor microsatellitedatawould look like this (examplesfollow):

<Number of populations> <number of loci> {delimiter between alleles} [project ti-
tle 0-79]
<Number of individuals> <title for population 0-79>
<Individual 1 10-10> <data>
<Individual 2 10-10> <data>
....
<Number of individuals> <title for population 0-79>
<Individuum 1 10-10> <data>
<Individuum 2 10-10> <data>
....
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Thedelimiter is neededfor microsatellitedataandtheprojecttitle is optional.Thedata will bedescribed
in thefollowing sections.Theindividualnamehasto beby default 10 characters(sameasin PHYLIP), but
canbechangedto anotherconstantin theparmfile,evento a lengthof 0. For sequencesor SNPs,thesyntax
is slightly different,thefollowing caseis for non-interleavedsequencedata.

<Number of populations> <number of loci> [project title 0-79]
<number of sites for locus1> <number of sites for locus 2> ...
<Number of individuals> <title for population 0-79>
<Individuum 1 10-10> <data locus 1>
<Individuum 2 10-10> <data locus 1>
....
<Individuum 1 10-10> <data locus 2>
<Individuum 2 10-10> <data locus 2>
....
<Number of individuals> <title for population 0-79>
<Individuum 1 10-10> <data locus 1>
<Individuum 2 10-10> <data locus 1>
....
<Individuum 1 10-10> <data locus 2>
<Individuum 2 10-10> <data locus 2>
....

Interleavedsequencedata:

<Number of populations> <number of loci> [project title 0-79]
<number of sites for locus1> <number of sites for locus 2> ...
<Number of individuals> <title for population 0-79>
<Individuum 1 10-10> <data locus 1 part 1>
<Individuum 2 10-10> <data locus 1 part 1>
....
<data ind1 locus 1 part 2>
<data ind2 locus 1 part 2>
....
<Individuum 1 10-10> <data locus 2>
<Individuum 2 10-10> <data locus 2>
....
<data ind1 locus 2 part 2>
<data ind2 locus 2 part 2>
....
etc.

Theinput for SNPsis thesameasfor sequencedata.

Examples of the diff erent data types

Theexamplesin thissectionlook likerealdata,but they areonly for thedemonstrationof thesyntax,if you
try run this “data” it will deliveroftenverystrangevalues,I haveaddeda“usable”testsetof simulateddata
in theexamplesdirectory, seethefile examples/READMEfor moreinformation.
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Enzyme electr ophoretic data (infinite allele model)
The datais given in genotypes,any printablecharacterwith ASCII codebiggerthan33 (’!’) andsmaller
than128canbeused.’?’ is reservedfor missingdata.You canusemulti-charactercodingwhenyou usea
delimiter(seetheexamplesfor microsatellites).If thereis enoughinterestI canwork ona input usinggene
frequencies,althoughI preferto work onmoreinterestingthingsthanadjustinginput files.

Examplewith 2 populationsand11 loci andwith 3 and2 individualsperpopulation,respectively (this data
setis only anexampleof syntax,analyzingthisdatasetwouldnotmakemuchsense).

2 11 Migration rates between two Turkish frog populations
3 Akcapinar
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 argumenton thefirst line hasto bea delimitercharacter, for examplea “.” . Thedatais given in
genotypes,the numberof repeatsis the allele nameseparatedby the specifiedspacer. ’?’ is reserved for
missingdata.

Example:

2 3 . Rana lessonae: Seeruecken versus Tal
2 Riedtli near G\"undelhart-H\"orhausen
0 42.45 37.31 18.18
0 42.45 37.33 18.16
4 Tal near Steckborn
1 43.46 33.37 18.18
1 44.46 33.35 19.18
1 44.46 35.? 18.18
1 43.42 35.31 20.18

Sequence data

After theindividual namefollows thebasesequenceof thatspecies,eachcharacterbeingoneof theletters
A, B, C, D, G, H, K, M, N, O, R, S,T, U, V, W, X, Y, ?,or - . Blankswill beignored,andsowill numerical
digits. This allows GENEBANK andEMBL sequenceentriesto be readwith minimum editing. These
characterscan be either upperor lower case. The algorithmsconvert all input charactersto uppercase
(which is how they aretreated).The charactersconstitutethe IUPAC (IUB) nucleicacid codeplus some
slight extensions.They enableinput of nucleicacidsequencestakingfull accountof any ambiguitiesin the
sequence.

9



Symbol Meaning

A Adenine
G Guanine
C Cytosine
T Thymine
U Uracil
Y pYrimidine (C or T)
R puRine (A or G)
W ”Weak” (A or T)
S ”Strong” (C or G)
K ”Keto” (T or G)
M ”aMino” (C or A)
B notA (C or G or T)
D notC (A or G or T)
H notG (A or C or T)
V notT (A or C or G)
X,N,? unknown (A or C or G or T)
O deletion
- deletion

Examplewith 2 populationwith 2 loci, thesequencesareNOT interleaved:

2 2 Make believe data set using simulated data (2 loci)
50 46
3 hinders wiesli
eis ACACCCAACACGGCCCGCGGACAGGGGCTCGAGGGATCACTGACTGGCAC
zwo ACACAAAACACGGCCCGCGGACAGGGGCTCGAGGGGTCACTGAGTGGCAC
drue ATACCCAGCACGGCCGGCGGACAGGGGCTCGAGGGAGCACTGAGTGGAAC
eis ACGCGGCGCGCGAACGAAGACCAAATCTTCTTGATCCCCAAGTGTC
zwo ACGCGGCGCGAGAACGAAGACCAAATCTTCTTGATCCCCAAGTGTC
drue ACGCGGCGCGAGAACGAAGACCAAATCTTCTTGATCCCCAAGTGTC
2 vorders wiesli
vier CAGCGCGCGTATCGCCCCATGTGGTTCGGCCAAAGAATGGTAGAGCGGAG
fuef CAGCGCGAGTCTCGCCCCATGGGGTTAGGCCAAATAATGTTAGAGCGGCA
vier TCGACTAGATCTGCAGCACATACGAGGGTCATGCGTCCCAGATGTG
fuefLoc2 TCGACTAGATATGCAGCAAATACGAGGGGCATGCGTCCCAGATGTG

Sameexamplewith 2 populationwith 2 loci, but thesequencesarenow interleaved:

2 2 Make believe data set using simulated data (2 loci, interleaved)
50 46
3 hinders wiesli
eis ACACCCAACACGGCCCGCGGACA
zwo ACACAAAACACGGCCCGCGGACA
drue ATACCCAGCACGGCCGGCGGACA

GGGGCTCGAGGGATCACTGACTGGCAC
GGGGCTCGAGGGGTCACTGAGTGGCAC
GGGGCTCGAGGGAGCACTGAGTGGAAC

eis ACGCGGCGCGCGAACGAAGACCA
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zwo ACGCGGCGCGAGAACGAAGACCA
drue ACGCGGCGCGAGAACGAAGACCA

AATCTTCTTGATCCCCAAGTGTC
AATCTTCTTGATCCCCAAGTGTC
AATCTTCTTGATCCCCAAGTGTC

2 vorders wiesli
vier CAGCGCGCGTATCGCCCCATGTGGTTCGGCCAAAGAATG
fuef CAGCGCGAGTCTCGCCCCATGGGGTTAGGCCAAATAATG

GTAGAGCGGAG
TTAGAGCGGCA

TCGACTAGATCTG CAGCACATAC
TCGACTAGATATG CAGCAAATAC

GAGGGTCATGCGTCCCAGATGTG
GAGGGGCATGCGTCCCAGATGTG

Additional files

Overview

I tried to make it simpleandredundant,sothattherearemorethanoneway to setup things.Thereaseveral
specialfile names,someof themcanbechangedothersnot:

Filename Description Needed? Namechangeable
infile holdsyou data necessary *
parmfile holdsoptions optional -
seedfile holdsa randomnumberseed optional -
catfile holdscategoriesfor mutationratevariation optional -
weightfile holdsweightsfor eachsite optional -
outfile will be createdandreplaceany file with the

samenamein thesamedirectory
necessary *

treefile holdsgenealogies,thisfile will becreatedand
will replaceany file with thesamenamein the
samedirectory

optional -

mathfile holdsplot coordinatesfor theusein a mathe-
maticanotebook,this file will becreatedand
will replaceany file with thesamenamein the
samedirectory

optional *

sumfile holdsthesummarystatisticof thesampledge-
nealogiesfor furtheranalysis,this file will be
createdandwill replaceany file with thesame
namein thesamedirectory

optional *

Necessar y input file
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infile if thisfile is notpresentin thecurrentdirectorythantheprogramwill askfor adatafile, andyoucan
give the pathto it, you needto type the path,which is for MacintoshandWindows usersprobably
ratheruncomfortable.In themenuor parmfile youcanspecifyanotherdefaultnamefor yourdatafile.

Optional input files

parmfile canhold specificmenuoptions,this file andthepossibleoptionsfor themenuareexplainedin
detail in sectionmenuand parmfile.

seedfileholds a randomnumberseed,this is just presentfor compatibility with PHYLIP, the random
numberseedcanbesetin variouswayseitherin themenuor in theparmfile.

catfile hold thecategories,for eachlocusyou mustgive thenumberof categories,andthevalueof each
category andthena stringof category assignmentsfor eachsite. You canusethe# asa commentary
character.
# Example catfile for two loci with 40 and 30 bp each

#

2 1 10 1111111111111111111122222222222222222222

3 1 3 9 111111111122223333333333222222

weightfile, for eachsite andlocusyou needto give a weight,acceptableweightsareintegersfrom 0 - 9
andlettersA-Z, A is theweight 10, B 11 andsoon, in total thereare35 possibledifferentweights
possible.You needa weight string for eachlocus.
# Example weightfile for two loci with 40 and 30 bp each

#

1101101101101101101101101101101101101101

33F33F22F22F22F22F22FHHHHHHHHH

Output file

outfile somewhereyou want to readthe results,that is it! The nameoutfile is the default, but can be
changedeitherin themenuor theparmfile.

Optional output files

tr eefile holds all, only thoseof the last chain or the besttree(s). The likelihood of eachtree is given
( �/�(�!�s�G��� �%¡ ) in a comment.The programswrites treeswith migrationsusingtheNewick format
with extensionsfrom theNexusformat,unfortunatelyI donotknow yetaprogramwhocanprint them
nicely. Writing treesto a treefileaddssomeburdento theprogramandit will run slower, especially
with theoptionBEST.

mathfile holdstheraw likelihoodsurfacedata,if this wasrequestedin theoptions.Thenamemathfileis
thedefault,but canbechangedin themenuor parmfile(seeappendix).
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sumfile holdsthesummariesof all genealogies,if this wasrequestedin theparmfileor menu.Thename
sumfileis thedefault. His optionallowsto reanalyzeapreviousrunfor likelihoodratiotestor profiles.

How to run

If you have compiledandinstalledthe programsuccessfully(seeInstallation)andyour datais in a good
format(sectiondataformat)andperhapshasthenameinfile, justexecute

migrate-n for 1 to n populations
migrate-0.4 for 2 populations

Either by doubleclicking its icon (seeon the title page)or for UNIX typing its namein a shell. Without
any parmfile, Migrate will displayamenu,in whichyoucanchangeall thesensibleoptions.For hintshow
to usethe parmfile,look into sectionMenu and Options or theparmfile.doc. Onceyou know how
to customizetheoptionswith theparmfile you will probablymoreoftenedit theparmfilethanmakingthe
changesin themenu.

Menu and Options

Youcanchangetheoptionsin themenu(Fig. 7) usinglettersor in submenusnumbers.In menuentryData
type you needto specifywhatkind of datayou have andaccordingto that typesomeothermenuentries
appear, for example:t/t ratio for sequences.

=============================================
MIGRATION RATE AND POPULATION SIZE ESTIMATION
using Markov Chain Monte Carlo simulation
=============================================
Version 0.7
Program started at Thu May 6 23:20:28 1999

Settings for this run:
D Data type

(currently set: DNA sequence model)
I Input/Output formats
P Start values for the Parameters
S Search strategy
W Write a parmfile

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

Figure7: Top menu of Migrate

Menuoptionscanalsobechangedin theparmfile. I will show all possibleoptionsin theparmfilesyntax,
but thesameitemscanbechangedin themenuaswell. All entriesin theparmfilearenotcasesensitiveand
all optionscanbegivenonly with thefirst letter, althoughI do not recommendthat.
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Data type

datatype=¢ Allele £ Micr osatellites £ Brownian £ Sequences£ Nucleotide-polymorphisms £ Panel-SNP £
Genealogies¤
specifiesthedatatypeusedfor theanalyses,needlessto saythat if you have thewrongdatafor thechosen
typetheprogramwill crash.

Allele: infinite allelemodel,suitablefor electrophoreticmarkers,perhapsthe“best” guessfor codominant
markersof whichwe donot know themutationmodel.

Micr osatellite: asimpleelectrophoreticladdermodelis usedfor thechangealongthebranchesin geneal-
ogy.

Brownian: a Brownianmotionapproximationto thestepwisemutationmodelfor microsatellitesusused
(this is MUCH fasterthanexactmodel,but is not a goodapproximationif populationsizesaresmall
(saybelow 10).

Sequences: DataareDNA or RNA sequencesandthemutationmodelusedis F84,first usedby Felsenstein
1984(actuallythesameasin dnaml (Phylip version3.5),adescriptionof thismodelcanbefoundin
Swofford et al. 1996.

Nucleotide-polymorphism:[SNP] the datalikelihoodis correctedfor samplingonly variablesites. We
assumethatthedatawasusedto find theSNP.

Panel-SNP: the datalikelihoodis correctedfor usinga panelof SNPsites,that werepolymorphic. The
panelhasto bepopulation1.

Genealogies:Readsthesumfile (seeINPUT/OUTPUTsection)of a previousrun,with this optionsthe
genealogysamplingstepwill notbedoneandthegenealogiesprovidedin thesumfile areanalyzed.
Thisdatatypemakesit easyto reruntheprogramfor differentlikelihoodratio testor differentsettings
for theprofile likelihoodprintouts.

Sequence data
If youspecifieddatatype=Sequencethefollowingoptionshavesomemeaningandwill show upin themenu
(seealsodetailsfor theseoptionsin themain.docanddnaml.docof thePHYLIPdistributionhttp://evolution.genetics.washington.edu/phylip.html)

fr eq-from-data=¢ Yes £ No:fr eqA fr eqGfr eqCfr eqT¤

fr eq-from-data=Yescalculatesthebasefrequenciesfrom theinfile data,thiswill crashtheprogram
if in yourdataabaseis missing,e.g.you try to inputonly transitions.Thefrequenciesmustadd
upat leastto 0.9999.

fr eq-from-data=No:0.20.20.30.3Any arbitrarynucleotidefrequency canbespecified.

ttratio= ¢ r1 r2 .....¤
you needto specifya transition/transversionratio,youcangive it for eachlocusin thedataset,if you
give fewer valuesthanthereareloci, the last ttratio is usedfor the remainingloci ¥ if you specify
justoneratio thesamettratio is usedfor all loci.
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interleaved=¦ Yes § No ¨
If yourdatais interleavedyou needto specifythishere,thedefault is interleaved=No.

categories=¦ Yes § Nö
If youspecifyYesyouneedafile named”catfile in thesamedirectorywith thefollowing Syntax:
numberof categoriescat1 cat2 cat3 .. categorylabelfor eachsite for eachlocus, a # in the first
columncanbeusedto startacomment-line.
Exampleis for adatasetwith 2 loci and20 basepairseach

# Example catfile for two loci
# in migrate you can use # as comments
2 1 10 11111111112222222222
5 0.1 2 5 23 3 11111122223333445555

rates=¦ n : r1 r2 r3 ..rn ¨
byspecifyingratesahiddenMarkov modelor ratesisusedfor thesequences(FelsensteinandChurchill
1995),alsoseethePHYLIP documentation.

prob-rates=¦ n : p1 p2 p3 ... pn ¨
if youspecifyrates youneedalsothespecifytheprobabilityof occurrencefor eachrate.

autocorrelation=¦ Yes:value § Nö
if youassumehatthesitesarecorrelatedalongthesequence,specifytheblocksize,by assumingthat
only neighboringnucleotidesareaffectedyouwouldgiveavalue=2.

weights=¦ Yes § Nö
If you specifyYesyou needa file weightfile with weightsfor eachsite, theweightscanbe the
following numbers0-9andlettersA-Z, soyou have35possibleweightsavailable.

# Example weightfile for two loci
11111111112222222222
1111112222AAAA445XXXX5

distfile=¦ Yes § Nö
You cansupplya distancefile for eachlocus(usingPHYLIP syntax). Eachindividual musthave is
own name.This optionappearsin themenuwhenyouchoose
0 Start genealogy is estimated using a UPGMA topology
Thedistancefile is thenusedto createanUPGMA treewith a minimal numberof migrationevents.
For largetreesthis is optionshelpto getbetterstartingtreesthantheautomatictreegenerationwhich
usesa ratherunsophisticateddistancemethod(differences).[Needsmoretesting,but worksfine for
me]

usertree=¦ Yes § Nö
If you specify Yes you needa file intree. In this file you have starting treesfor eachlocus,
BUT thesetreesneedto have migration events in 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.washington.edu
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Micr osatellite data
If thedatatype=Microsatelliteis used,thefollowing optionshavesomemeaning,pleaseremarkthatif you
usetheBrownianmotionoptiontheserestrictiondonotapply.

micro-max=value
specifiesthe maximalallowed numberof repeats,this MUST be higher thanyour actualmaximal
repeatnumberin yourdataset,if it is toohigh thereis apenaltyonly onallocatingto muchspaceand
perhapsin slight runtimedegradation(theemptyspacehasto becopied),but if it is too small your
resultswill bewrong! Thedefault is setto micro-max=200.

micro-threshold=value
specifiesthe window in which probabilitiesof changearecalculatedif we have allele 34 thenonly
probabilitiesof a changefrom 34 to 35-44and24-34areconsidered,the probability distribution is
visualizedin Figure5 thehigherthisvalueis thelongeryouwait for your result,choosingit toosmall
will producewrongresults.micro-threshold=10

Electr ophoretic data
No specialvariables,but seeParmfile specificcommands.

Nucleotide pol ymorphism
Similar to sequencedata.

Input/Output formats

This groupof optionsspecifiesinput file namesandvariousoutputfile options.Also, titles for theanalysis
canbe specified. In addition,onecantailor the informationthe programis presentingduring the execu-
tion. Someof the optionsin this manualarecurrently not implementedin the two populationprogram
(migrate-0.4, Beerli andFelsenstein1999),then-populationversionwhich will eventuallyreplacethe
two-populationversionwill containall thementionedoptions.

Input formats

infile=filename
If you insist to have a datafilenamesother thaninfile, you canchangethis here,if you do not
specifyanything here,it will useany file with nameinfile presentin the executiondirectory, if
thereis noinfile thantheprogramwill askfor thedatafileandyou canspecifythepathto it (this
maybehardon MacsandWintel machines).If you usethis option,do NOT usespacesor “/” or on
Macs“:” in yourfilename.Thedefault is obviously infile=infile

random-seed=© Auto ª Noauto ª Own:seedvalue«
Therandomnumberseedguaranteesthatyou canreproducea run exactly. I you do not specifythe
randomnumberseed(seed=Auto) the programwill usethe systemclock. With seed=Noautothe
programexpectsto find a file namedseedfile with the randomnumberseed. With random-
seed=Own:seedvalueyoucanspecifytheseedvaluein theparmfile(or in themenu).
Examplefor own seed:
random-seed=Own:21465If you want reproducibleruns you shouldreplacethe Auto seedwith
your own startingnumber(bestnumbersaredivisible by 4 + 1) Thedefault is random-seed=Auto.I
personallyusealwaysrandom-seed=Own:seedvalue. But thenyou needto changethis for different
run,otherwisethesequenceof randomnumbersis alwaysthesame.
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INPUT FORMATS
-------------
1 Datafile name is infile
2 Use automatic seed for randomiza-

tion? No, seed=907711327
3 Title of the analysis is <no title given>

OUTPUT FORMATS
--------------
5 Print indications of progress of run? Yes
6 Print the data? No
7 Outputfile name is outfile
8 Plot likelihood surface? Yes, to out-

file and mathfile
9 Profile-likelihood? Yes, tables and summary

[Percentiles]
10 Likelihood ratio test No
11 Print genealogies? None
12 Plot coordinates are saved in mathfile
13 Summary of genealogies will not be saved

Are the settings correct?
(type Y to go back to the main menu or the let-

ter for the entry to change)

Figure8: Input/Output menu of Migrate

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

Output formats

progress=¬ Yes­No ­Verbose® Show intermediateresultsandotherhintsthattheprogramis running.Ver-
boseaddsmorehints(at leastfor me)andinformation.Thedefault is progress=Yes

outfile=filename
All output is directedinto this file, the default nameis outfile. If you usethis option,do NOT use
spacesor “/” or on Macs“:” in thefilename.Thedefault is obviouslyoutfile=outfile

print-data= ¬ Yes­No®
Print thedatain theoutfile. defaultsis print-data=No .

print-fst= ¬ Yes­No®
Print a tableof an ¯ °L± estimatefor comparison(Beerli andFelsenstein1999,Beerli 1998)[not rec-
ommended].

plot= ¬ No ­ Yes® [: ¬ Outfile ­Both ® [: ¬ std ­ log® : ² mig-axis-start,mig-axis-end,theta-axis-start,theta-axis-
end³!¬ :printpos ¬ M ­ Nm ®�® ]]
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if plot=No thennoplot of theparameterspaceis shown in theoutfile, if Yesthenyoucanspecify
whetheryouwantto have theaccuratenumbersin aseparatefile (mathfile) usingprintpos “pixel”
in eachdirection,oronly theASCII-graphicsplot in theoutfile. The lastoption(M or N)let you
definewetheryouwanttheplot in ´ µ�¶ or (default) ·�¸�¹ºµ4¶ . Default isplot=Yes:Outfile,
Exampleof amorecomplicatedstatement:plot=Yes:Both:std:0,10,0,0.025:100N

After a runmathfile will containthefollowing

2-pop locus1=((x11,x12,...,x1n),(x21,..x2n),...,(xn1,..xnn));locus2=...thecombinationof all estimates
is the last locus= locus(n+1)the syntaxof this file is so that you can import it directly into
Mathematicaby using »�» mathfile (seein the exampledirectoryof this distribution for more
materialon this issue).Thedefault is plot=Yeswhich is equivalentto plot=Yes:Both.

n-pop In (N-POP)themathfilewill printonlyall summedupemmigrationandimmigrationfrom/into
a population,andtheformatchangedto printing only raw numbers:thereareprintpos µ print-
pos cellsfor eachplot (default for printpos is 36), sofor 2 loci andand3 populationsyou geta
total of 1552numbers,youcanreadtheseinto mathematicausing
rows=cols=36;
pop=3;
data=ReadList[‘‘mathfile’’,Table[Table[Table[Table[Number, ¼ cols ½ ],¼ rows ½ ], ¼ 2 ½ ], ¼ pop ½ ]; loci=Length[data]

profile=» No ¾Yes» : » Fast¾Percentile ¾Spline ¾Discrete¾Quick ¿�¿�»�ÀM ¾ Nm ¿ (N-POP)
Print profile likelihood. SeesectionLik elihood ratio testsand profile lik elihood. Default is pro-
file=Yes:Fast:N.

No: No profile likelihoodsareevaluated.

Yes,All: Evaluateprofile likelihoodsandprint tablesfor eachparameterandalsoa summarytable
with theapproximativepercentilesfor eachvariable.

Percentile evaluatesthe profiles at the percentiles(0.01, 0.05, 0.10, 0.25, 0.50, 0.75, 0.90,
0.95,0.99).This will needa LOT of time: (1) it hasto find thepercentilesevaluatinga full
maximizationfor n-1parameterseach.

Quick [meansquick anddirty] Evaluatestheprofiledparameterassumingthat theparameters
( ¶ÂÁ and ´IÃ�Ä areuncorrelated.This is equalto fixing all parameterat themaximumlike-
lihood andevaulatethe likelihoodfor theprofiled parameters.This is very fastandoften
rathercloseto thePercentile option.

Fast A mixtureof Quick andPercentile. This is thedefault. Thepercentilesarefoundusing
Quick andthenonefinal full maximizationof all otherparametersis done.

DiscreteEvaluatetheprofilelikelihoodatspecificpointswhichareML-estimateµ (0.02,0.10,
0.20,0.5,1, 2, 5, 10,50).

SplineEvaluatesDiscrete andthenusesacubicsplineroutineto evaluatethepercentiles.This
is theoneversionI would prefer, but I have difficulties to geta splinethathasits peakat
theML-estimate.Currently, if you usethis methodmake surethat the0.5 percentileshas
thehighestlog likelihood.[This needsto befixed]

M or N The profilesareevaluatedusing ¶ and ´ , with the option N (the default) the migration
valuesareprintedas ¶5´ (for mostdatathis is ·C¸
¹ , but for mtDNA thiscouldmeanit is ¸�¹ ).
With M the ´ ÅÆ¹�ÇLÈ areprintedinsteadof the ·C¸
¹ .
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l-ratio= É None Ê$É Mean Ê Loci Ë :testparamË (N-POP)
Likelihood ratio tests. SeesectionLik elihood ratio tests and profile lik elihood. Default is l-
ratio=None.

print-tr ees=É All Ê None Ê Last Ê BestË
print genealogiesinto treefile. Rememberthesetreescontainmigrationevents,althoughI fol-
lowedtheNEXUSrules(Maddison1998)andthemigrationeventsarein commentbrackets,I donot
know of any programbeingableto readthis kind of trees.I would like to hearfrom you if you know
any otherprogramwho canreadsucha tree.

None: treefile is not initialized andno treesareprinted,this is thefastestandtheoneI recom-
mend.

All : will print all trees(youwantto do thatonly for ridiculouslysmalldatasetswith tooshortchains
or youhave Gigabytesof freestorage).

Last: Only thetreesof thelastlongchainareprinted,Still youwill needlotsof space.

Best: Printsthetreewith thehighestdata-likelihoodfor eachlocus.This is slow! And givenotvery
muchinformation,exceptif you aremoreinterestedin thebesttreethanin thebestparameter
estimate.

Default is print-tr ees=None

mathfile=filename
theplotcoordinatesaredirectedinto this file. If you usethis option,do NOT usespacesor “/” or on
Macs“:” Thedefault is obviouslymathfile=mathfile.

sumfile=É No Ê Yes Ê Yes:filenameË
Intermediateresultsof thegenealogysamplingprocessaresave into a file namedsumfile or into
thefile for thatyouspecifythefilename.You canusethissumfile to reruntheprogramfor further
analysis,e.g.calculatinglikelihoodratiosor profile likelihoods,seedatatype=Genealogy.

Star t values for the Parameter s

theta=É Fst Ê Own:value1,value2Ë
With Fst the programstries to usean FÌ�Í basedmeasure(MaynardSmith 1970, Nei and Feld-
man 1972) for the estimationof ÎrÏ and ÎAÐ which are the 4 Ñ effective populationsize Ñ muta-
tion rate for eachpopulation. Own: value1, value2 definesarbitrarystart values. The default is
theta=Own:1.0,1.0, which is inapproriatefor sequencedatawherevaluesaround0.01aremorecom-
mon.

migration= É Fst ÊOwn:value1,value2Ë (2-POP)
With Fst the programstries to usean FÌÒÍ basedmeasure(MaynardSmith 1970,Nei andFeldman
1972, Beerli 1998, Beerli and Felsenstein1999) for the estimationof Ó�ÏLÔ�ÓSÕ and Ó�Ð!ÔLÓSÕ . The
valuesfor Own aregivenin termsof ÖC×ÙØ�Ó which is 4 Ñ effective populationsize Ñ migrationrate
pergeneration.Thedefault is migration=FST

19



START VALUES FOR PARAMETERS
---------------------------
1 Use a simple estimate of theta as start?

Estimate with FST (Fw/Fb) measure
2 Use a simple estimate of migration rate as start?

Estimate with FST (Fw/Fb) measure
3 Mutation rate is constant? Yes

FST-CALCULATION (for start value)
----------------------------------
4 Variable Theta, M symmetric

MIGRATION MODEL
---------------
5 Model is set to Full migration matrix model

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= Ú Fst ÛOwn:Migration matrix Ü (N-POP)
Themigrationmatrixis a Ý by Ý tablewith - onthediagonalandcanlook likethisfor four populations
migration=OWN: Þ - 1.0 1.1 1.2 0.9 - 0.8 0.7 2.1 2.2 - 2.3 1.4 1.5 1.6
- ß
or like this

migration=OWN:{ - 1.0 1.1 1.2
0.9 - 0.8 0.7
2.1 2.2 - 2.3
1.4 1.5 1.6 - }

mutation= Ú Gamma Û NoGammaÜ
If thereare more than one locus the programsummarizesover all loci. The Gammaflag allows
for the variationof the mutationrateof eachlocusaccordingto a Gammadistribution with shape
parameterà (alpha)(which is the inverseof the squareof the coefficient of variation (CV) of the
mutationrate,CV=standarddeviation / mean).This computationallydauntingmostly for numerical
reasons:the programis maximizinga productof integralsover all possiblemutationratesfor each
locus likelihood. With Nogamma the summarizingstepis simply finding the bestparametersby
maximizingthesumof thelog-likelihoodsof eachlocus.Thedefault is mutation=Nogamma

áAâ�ã
calculation
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Migrate is usingthe äæå�ç calculationonly to generatestartingvaluesfor theMCMC runs,whenyoudid not
wnatto giveyourguess-valuesfor theparameters.With two populationandonelocuswecanonly calculate
3 quantitiesfrom thedatafor ä�åÒç : thehomozygositywithin eachpopulationandbetweenthem.Therefore
we only canestimate3 parameters,eitherbothpopulationshave thesamesizeanddifferentmigrationrates
or thesizescanbedifferent,but themigrationratesarethesame.
fst-type=è Theta é Migration ê

fst-type=Thetaë
for eachpopulationis variable,andthemigrationrateis fixed.

fst-type=Migration
Migration rate for eachpopulationis variable,and

ë
is fixed. If the numberof populationsin the

(N-POP) programis biggerthan2 only the option fst-type=Theta is available. All pairwiseTheta
estimatesareaveraged.

Migration model

If youdo notspecifyanything thejoint maximumlikelihoodestimateof all ì'í4ì parametersarefound.

custom-migration=èïîñðòîñósé ôSõÒö ÷�øúùKõLûüì�ýEô�øúùK÷�õÒþÿê
Themigrationmatrix containsthemigrationratesfrom j to i on row i, andthe

ë
areon thediagonal.The

migrationmatrix canconsistof connectionsthatare

0: notestimated

m: meanvalueof either
ë

or � .

s: symmetricmigration

c: constantvalue(toghetherwith migration=OWN.. or theta=OWN..) [doesnotwork yet]

*: no restriction

The valuescanbe spacedby blanks,newlines A few examplesfor 4 populations:Full model: custom-
migration= � ****
****
****
**** �
N-islandmodel:custom-migration=� m m m m
mm mm
m mmm
mmmm �
SteppingStonemodelwith symmetricmigrations,andunrestricted

ë
estimates:

custom-migration=� *s00s*s00s*s00s*�
Source-Sink(thefirst populationis thesource):
custom-migration=� *000**000**0*000 �
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SEARCH STRATEGY

1 Number of short chains to run? 10
2 Short sampling increment? 20
3 Number of recorded genealogies in short chain? 500
4 Number of long chains to run? 3
5 Long sampling increment? 20
6 Number of recorded genealogies in long chain? 5000
7 Number of genealogies to discard at

the beginning of each chain? [Burn-in] 200

------------------------------------------------------------
Obscure options (consult the documentation on these)

8 Tempering (Heating) during increment: No
9 Sample at least a fraction of new genealogies? No

10 Epsilon of parameter likelihood
[please read the manual for this!] 100.00000

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

try to change)

Figure10: ‘Search strategy’ menu of Migrate

Search strategy

Thissectionis thekey to goodresultsandyoushouldnot justusethedefaults,for guidancehow I woulddo
thisseein thesectionhow long to run .
Theterminologyof short or long chainsis arbitrary, actuallyyou couldchoosevaluessothatshortchains
arelongerthanthe “long” chains.Anyway, Markov chainMonteCarlo (MCMC) approachestendto give
betterresultswhenthe startparametersarecloseto the maximumlikelihoodvalues. Oneway to achieve
this is runningseveral shortchainsandusethe resultof the last chainasstartingvaluefor thenew chain.
Thisshouldproducebetterandbetterstartingvalues,if theshortchainsarenot tooshort.

Number of short chainsto run? (short-chains=value
we run mostof thetime about10 shortchains,which is enoughif thestartingparametersarenot too
bad.Default is short-chains=10.

Short sampling increment?(short-inc=value)
Thesampledgenalogiesarecorrelatedto reducethecorrelationbetweengenealogiesandto allow for
a wider searchof thegenealogyspace(bettermixing), we samplenot every genealogy, thedefault is
short-inc=20meansthatwesampleagenealogyandstepthroughthenext 19andsamplethenagain.

Number of stepsalongshort chains?(short-steps=value)
The default numberof genealogiesto samplefor short chainsis about200. But this may be to
few genealogiesfor your problem. If you big datasetsit needsnormally biggersamplesor higher
incrementsto move aroundin thegenealogyspace.
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Number of long chainsto run? (short-chains=value
werunmostof thetime2 longchains.Thefirst equlibibratesandthelastis theoneweuseto estimate
theparamters.Default is long-chains=2.

Long sampling increment?(long-inc=value)
Thedefault is thesameasfor shortchains.

Number of stepsalong long chains?(long-steps=value)
Thedefaultnumberof genealogiesto samplefor longchainsis about2000.I oftenchoosethe“long”
chainsabout10 timeslongerthanthe“short“ chains.

Number of genealogiesto discard at the beginning of eachchain?
(burn-in=value)
Eachchaininheritsthe lastgenealogyof the last run, which wascreatedwith theold parameterset.
Thereforethefirst few genealogiesarebiasedtowardstheold parameterset.Whenburn-in is bigger
than0, thefirst few genealogiesin eachchainarediscarded.Thedefault is burn-in=200.

Obscure options

If you arenotexperiencedwith MCMC or run Migrate for thefirst, second,...time,donot botheraboutthe
optionshere.

Tempered transitions: [to comeandnot fully testyet]

Sampleat leasta fraction of new genealogies?( moving-steps=� Yes:ratio � No � )
With somedatatheacceptanceratio is very low, for examplewith sequencedatawith morethan5000
bp theaccpetanceratio dropsbelow 10%andoneshouldincreasethe lengthof thechains.Onecan
do this eitherby increasingthe long-inc, or long-stepsor by usingmoving-steps. The ratio means
that at leastthat ratio of genealogiesspecifiedin long-stepshave to be new genealogiesandif that
fraction is not yet reachedthesamplerkeepson samplingtrees.In unfortunatesituationthis cango
on for a ratherlong periodof time. You shouldalwaystry first with thedefault moving-steps=No.
An example:
You specifiedlong-steps=2000,and long-inc=20 andthe acceptance-ratiowasonly 0.02, you have
visited 40,000genealogiesof which only 800 are new genealogiesso that you have maximally
sampled800 differentgenealogiesfor the paramterestimation. In a new run you cantry moving-
steps=Yes:0.1, thesampleris now extendingthesamplingbeyondthe40000genealogiesandfinally
stoppingwhen4000new genealogieswerevisited.

Epsilon of parameter lik elihood (long-chain-epsilon=value)
Thelikelihoodvaluesareratios���
	���
��	������ �

� �
����������� � � 	��� �!�"����� � � 	#�"� (Beerli andFelsenstein,1999)

When the Likelihood valuesare very similar then the ratio will be closeto 1, or 0 when we use
logarithms.This meansthatthesampleris not improving drasticallybetweenchains:(a) it foundthe
maximumlikelihoodestimateor (b) it is sofar from themaximumlikelihoodestimatethatthesurface
is soflat thatall likelihoodvaluesareequallybad.usinga smallervaluethanthedefault long-chain-
epsilon=100.00for examplea valueof 1.0would guaranteethatthesamplerkeepson samplingnew
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long chainsaslong asthat log-likelihood-differencedropsbelow 1.0. In somecasesthis will never
happenandtheprogramwill not stop.

Parmfile specific commands

Impor tant parmfile options

menu=$ Yes%No&
definesif theprogramshouldshow up themenuor not. Thedefault is menu=Yes.

end
Tells theparmfilereaderthatit is at theendof theparmfile.THIS IS NEEDED!

Options to chang e the lengths of words and texts
If youchangethese,youshouldunderstandwhy youwantto do this.

nmlength=number
definesthe maximal lengthof the nameof an individuum, if for a strangereasonyou needlonger
namesthan10 characters(e.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.thedefault is nmlength=10, this is thesameasin
PHYLIP.

popnmlength=number
Is thelengthof thenamefor thepopulation.Thedefault is popnmlength=100

allelenmlength=number
This is only usedin the infinite allelecase.Lengthof anallelename,thedefault shouldcover even
strangelab-jargonslike Rvf or sahss (Rana ridibunda very fast,Rana saharica superslow) The
default is allelenmlength=6

Likelihood ratio tests and profile likelihood

' ONLY with N-POP: This section is still incomplete ( .

Likelihood ratio test

Theparameterestimationis donewith a maximumlikelihoodmethod,this givestheopportunityto easily
test different hypothesesagainst others,when the hypothesesare hierarchical(e.g. Casellaand Berger
1996).For example,we wish to testthatthemigrationratesarethesamein a two populationmodelwith 4
parameters:

)+*+, -/.10�23 -40�. 560 387560:9;5�. 3<75�."9 (1))�0#, -/.10 3 -40�. 560 387560:9;5�. 3<75�."9 (2)
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andthencantestusingtheteststatistics

=�>@? A"B CED!FHGJI
CKD LF+I

MONQPRTSVU W
(3)

In the examplethe degreesof freedomwould be two: we arechangingtwo parameters.We needto run
migrate with thefull model: all parametercanvary independently. We getparameterestimates

LF�X , LF P ,LY P X , and
LY X P . We comparethis maximumlikelihoodwith the likelihoodwhenwe restrictthemigration

rateto be thesamefor examplethemeanof bothestimates.Theratio betweenthesetwo likelihoodsis in
thelimit (if thereis ahugeamountof data)

N P
distributed(Formula3, Figure11).

If you have mtDNA datathis methodsis theoreticallynot applicable,becauseyou cannotincreasethedata
beyondthefull sequenceof themitochondrion,but I amprettysurethat for mostsituationsthetestwill be
still appropriate.Thereis a problemdueto the implementationof theprogramthatwe cannot allow that
parametersgo to 0.0. A parameterof 0.0hasa 0.0probability. Testsagainst0.0needa halfedsignificance
level, becausewe truncateat 0.0,andthereforearetestingonly one-sided(...cit...).

ln(L)

Θ
0.02 0.04 0.06

- 4.0

- 2.0

0.0

 χ2
df,α

1
2

Figure11: Likelihoodratio test:dashedareasareoutsideof the95%confidencelimit. F is Z\[^]!_ ; `badcfe ,g cih�jkh�l
Do not forget that theselikelihoodsareonly approximations.Comparisonwith exact likelihoodsfor ge-
nealogieswith 3 tips andno migrationshow that the MCMC curvesareexactly the sameasthe “exact”
curves. Whenthe programis not run long enoughthe MCMC curvestendto be wider than the “exact”
curvesandhave their maximumbiasedtowardstheparametervalueat which we run thechains.We expect
whentherearemany sampledindividuals that it is likely that you run the programnot long enoughand
thereforewill getwrongconfidenceinterval estimatesandwill stick too closeto thestartparameters.(Fig-
ure12). You cancheckfor this by runningtheprogramseveral timesfrom very differentstartvalues.Just
lookingat thepointestimates,is probablynotenough,youneedto inspecttheprofile likelihoodstoo. Most
of thetime it seemsthatrealsinglelocusdatais not very greatfor theestimationof 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 start value monqp
Wattersonestimate, (c) with oneacceptanceusinga mon�psr"tur"r"r�r"v . Thedataare3 sequenceseach1000bp
longandgeneratedwith a mspsr"tuv , runningtheprogramsome1000genealogiesdeliversa likelihoodcurve
indistinguishablefrom theexactlikelihoodcurve.

For theparmfile thereis anoption l-ratio which you canuseto definea hypothesisagainsttheprogram
run(Null-hypothesis).Youcanrepeatthestatementfor testingmorethanonehypothesis,but youmayneed
to correctyoursignificancelevel for multiple tests.Thesyntaxis:
l-ratio: w Meansx Loci y�w :param1,param2,param3,....paramn*ny
Meansover all loci

loci for eachlocus,this may not be valid for sequences,the likelihoodratio testassumesconvergenceif
thesamplesizegoesto infinity, but with a finite sitesmodelandonelocusthis cannot beachieved,
sothethe zQ{ statisticmaynotbeappropriate.

Thesyntaxfor eachparam1, param2,... is rathercomplicated:param1 = w * x x x m x valuey
* thevalueis thesameastheonefrom theestimate( ps|}n )
x thevaluewill bemaximized.

m thevalueis themeanof theparameters,either m or ~������ .

value is any arbitraryvalueyouwantto testagainstthe |}n .
Examplesfor two populationsfor theparmfileentries:
l-ration=Means:0.01,0.011,1.0,1.1;
l-ratio=Means:*,*,m,m;
l-ratio=Means:x,m,*,0;

Theparametersareorderedaccordingto thefollowing rule:m6� , m { , ..., mH� , ~\��� ���� � {�� � , ~���� �!�� �d� � � , ..., ~\��� ���� ��� � � ,~���� { �� ��� � { , ~\��� { �� �d� � { , ..., ~\��� { �� ��� � { , ...,~���� �J�� � � �J����� � �
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Althoughyouspecify����� theprogramevaluates� for thetestandprints�������s�#� . Thisseemsmore
accurate,thentheparameters� and� areuncorrelated.

Examplewith 3 populationsbasedon thefollowing migrationmatrix:

� � ����k� � �� �k� � �k� �
resultsin thestring
l-ratio=Loci:*,*,*,2,1,1.8,1,0.5,0.6;
Do not forget thesemicolon,thecurrentprogramis picky andneedsit   the program should be more
forgiving ¡ .

Profile likelihood

Parameterestimationin highdimensionscausesseriousproblemsin thepresentationof results:for 2 popu-
lationwehave4 parameters,with 8 population64,etc.Onewould liketo show thehighdimensionalsurface
but we arecrudelylimited to 3 andperhapscanunderstandgraphsup to five. Showing oneparameterat a
time only shows us a transectionthroughthe solutionspace,but is perhapsthe bestwe cando. By using
profile likelihoodswe cantracea parameterandalsoseehow the otherparameterchangeat given values
for our profile parameter. Insteadof finding theparametersat themaximumlikelihood,we fix theprofile
parameterat somearbitraryvalueandthenmaximizethe otherparametersat that profile likelihood. This
constructsa paththroughthesolutionspace,which we canuseto constructapproximateconfidencelimits
usingthe likelihoodratio testcriteria (Fig 13) with a degreeof freedomof 1 (well, this is true in “asymp-
topia” but mayproducevery tight confidenceintervals(seeBeerli andFelsenstein2000).Severaladvanced
statistictextbooksdiscusstheuseof likelihoodratio andtherelatedprofile likelihoods(e.g.Casella1996),
but I like thecompact,andin my opinion,very readable,shorttext of MeekerandEscobar(1995).

Monitoring progress

Theprogramwill show additionalinformationif theprogressflag is set(progress=Yesis thedefault). You
caneven seemorewith progress=verbose. The progressis reportsimilar to the following screendump
fragmentfor eachchainandeachlocus. I addeda line numberwhich is not part of the output(Y means
standardprogressreport,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: lnL=0.21525 ,
05Y theta={0.04026,0.05527}, M={83.96647,45.78351}
06V Sampled tree-log(L)={-98.760356 .. -93.035062}, best in group =-93.019453
07V log(P(g|Param)) -20 to -18 -16 -14 -12 -10 -8 -6 -4 -2 0 All
08V Counts 0 0 0 0 0 0 0 0 144 56 200
09V Maximization steps needed: 134
10V Coalescent nodes: 0 1 2 3
11V population 0: * - - -
12V population 1: - - - *
13Y Acceptance-ratio = 1095/2000 (0.547500)
.....
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Figure13: Profile likelihood,for a seriesof valuesof a parameter, theotherparameteraremaximizedand
thelikelihoodgiventhatparameteris highestalongthestraightlinesin A. (A) Contourplotsfor a run with
two variables,thethick linesarethe50%,95%,and99%confidencecontours.(B) is theprofile likelihood
curve for ¤ and(C) is theprofile likelihoodcurve for 4Nm(basedon ¥ ). The95%confidencerangefor B
andC arefor valueswith log likelihoodvaluesabove -2.

14Y 11:49:09 Final parameter estimation over all loci
15Y
16Y <paste in correct part>
17Y
18Y 11:49:09 Program finished

Thevaluesreportedshouldgivesomehintshow theprogramprogressesthroughthesamplespace.Thetree
likelihoods(line 06V) shouldgo steadilyup until a peakin the likelihoodsurfacehasbeenreached.It can
go down througha valley of badvaluesandeitherrecover on thesamepeakor anotherone. If this process
runslong enoughit is guaranteedthat it will find the global maximum. But the programis not searching
the tree-likelihoodmaximum,it searchesthroughthespacedefinedby ¦�§�¨"©�ª�«­¬¯®±°�¦�§�¨"©²ª�®³¬µ´�° andits
maximumis notnecessarilyat thehighesttreelikelihood.The“histogram”(07V, 08V) of the ¦�§�¨�©�ª�®�¬!´�°
reflectsthis. the histogramis scaledso that the bestvalue is 0. If mostof the valuesare in the topmost
classtheestimateis probablyin goodaccordancewith the trees,otherwisetheprocessshouldrun longer.
Of courseif all genealogiesarein the topmostclassonecouldwonderif theprocessis samplingdifferent
treesat all, but this canbe checked with the acceptanceratio. If the Acceptanceratio (13Y) dropsbelow
10%considerto run theprogramwith ten time longerchainsjust to sampleenoughdifferentgenealogies,
sothattheparameterestimatesarenotgovernedby a few genealogiesonly.
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If the single locusmaximizationstepneedsmore than200 iterations(09V), pleasesenda report, then it
shouldfind mostof thetime themaximumin fewer than50 iterations.
If youhave chosento discardthefirst few treesusingburn-in=value, youwill seeline (3Y).
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Accurac y of results

Run time and accurac y

¶ Not complete ·
If you have lookedin themenuSearch Strategy thenyou saw thatwe distinguishbetweenshortand
long chains.SincetheMCMC processis goingfrom a not sogoodestimate(thefirst guess,you specifyin
Start values for Parameters) to a betterestimatealonga “gradient” on the likelihoodsurface,
thesuccessin recoveringthebestparametersis drivenby thesteepnessof this surface.This meansif there
is few information in the data,the likelihoodsurfacewill be flat and the estimationprocessneeda long
time to wanderto a peak(if at all) . Theshortchainsallow for a burn-in periodin which thethetreesand
theparameterscanequilibrate,for thefinal estimatewe useonly thelastof thelong chains.Thenecessary
lengthof thesechainsis specifiedby thenumberof individuals,lengthof sequencesandvariability of the
data.Thereareno goodestimateswhata goodlengthfor thefinal chainsshouldbe,but watchfor a paper
of JoeFelsensteindiscussingpowercalculationsin asinglepopulationcase.
For Migrate it seemsthatin simulateddatasetswith around20 individualsand10 “electrophoretic”loci the
truthcanberecovered.
During my simulationsfor the paperon Migrate, I detectedproblemswith the accurateestimationof
themigrationratewith startto beobvious with very long sequences(sayabove 1000bp).Thefirst treeis
constructedusingan UPGMA topologyanda Fitch algorithmto insert the migrations. This processwill
insertaminimumof migrationsontothetree.If now thesequencesdefineagoodtopologyfor yourguessed
startparametersthe programwill tend to be stuckwith this startingtree. This is fine for estimatingthe
populationsize,but the migrationsarenot well distributedon the tree. I am currentlyworking on some
extensionthattheprogramis searchinglongenoughthroughthegenealogyspaceevenin thesecases.At the
momentI recommendthatyou run longerchainsandwatchtheacceptance-rejection,if theprogramfinds
about200new treesfor shortchainsandabout2000treesfor longchainsor morethentheestimationprocess
shouldbefine. If in your initial runyouseeacceptanceratiosof only 2%youshoulddefinitelyincreasethe
lengthof thechains,or usetheoption moving-stepsor considerheating(tempering)¶ implemented but
not test yet · .

Quic k guide for achieving “good” results with migrate
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Of coursethis is not a fool proof guide,thenit’ s easyto give advicewith datasimulatedusingthe same
sequencemodelastheinferenceprogram.But, besidesmonitoringprogress,I would:

RunMigrate with thedefault valuesusing ¸º¹b» to find thestartparameters.

Checkthelog, if thedata-likelihoodof thestarttreefor eachchainis walwaysimproving thenconsider
to supplyyourown distancematrix(distfile option),or giveown startingvaluesor runmoreshort
chains.

Rerun,usingtheobtainedparameterestimatesof thelastrun.

If theresultsdonotchangemuch, perhapsyoucanstop.Otherwiseincreasethelengthof thechains,
increasingtheincrement(short-inc andlong-inc is not increasingthememoryusage,but youcanalso
increasethenumberof sampledgenealogies(short-sampleor long-sample). For exampleincrease
by a factorof 10.

Changetherandomnumberseedandcheckif yougetsimilar results.

How to avoid conflicts with other computer user s

Therun time of migrate is highly dependenton thenumberof populations,thelengthof thechains,and
thenumberof loci. It is commonthata singledatasetcanrun for many hoursevenvery fastmachines.For
someusersthis canproducea problem,eitherthesystemadministratoror otherusersgetsmadaboutyou
consuming“all” resources,this is mostlyCPUandfor largedatasetsalsomemory.
For UNIX systemsthe immediate,but perhapswrong,answerto this peopleis that thesedemandingpro-
gramsareoneof thereasonsto usethesefastcomputers;a runof migrate doesnormallynotcompromise
any editing,mail reading,word processingonsharedmachines.To freea terminalyoucanputmigrateinto
backgroundandlog out.

1. Runmigrate-n

2. Changethemenuasyou think is apropriate.

3. In themainmenuuse(W)rite a parmfile.

4. Kill theprogram(Control-c)or use(Q)uit .

5. Edit theparmfile andchangetheentrymenu=YES to menu=NO andany otheroptionyou want
to change. If you intendto run the programseveral timesyou shouldchangefor eachrun the the
random-seed=OWN:somenumber.

6. Reruntheprogramwith
nohup (nice migrate-n > migrate.log ; date | ¼ mail -s ‘‘migrate fin-
ished’’ youremailaddress) &
thenohup allowsyouto logoutwithoutstoppingtheprogram,additionallypotentialoutputis logged
into nohup.out.Thenice causesto programto run slower whenotherusersareusingthemachine
“unniced”. On serversthenicing oftenhappensautomaticallyaftersometime or they have a specific
batchsystem,askyousystemadministratorwhat’sbestfor a long run.
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7. logoutor dosomethingelse,youwill getmail whenmigratehasfinished,if youarecuriousandwant
to known whenapproximatelyit will finish peekinto thefile migrate.log, but donot save it.

For Windowsand especiallyMacintosh systemstheprogramis unfortunatelynotasogoodcitizenandis
disturbingotherprograms.To run longmigrate on thesemachinesthebestway is to run thisonaprivate
machines,whereyouhave thecontrol.
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Presentation of results

Contentsof theoutputin outfile: Someof theoutputoptionsvaryaccordingto thedatatype.+ = always
present,o = optional,Default = ½

Item Description Status
List of options all usedoptionsarespecified +
Summaryof data (Too)shortdatasummary +
Dataset Print of thedataset o
MCMC estimates List of theestimatedparametersfor eachlocusandthemean +
Shape¾ Estimationof theshapeparameters¾ for thevariationof themu-

tationrate
o

¿¯ÀµÁ
table Tableof thepossiblestartvaluesgeneratedwith a

¿"ÀµÁ
estimator o

plots plot of thelikelihoodsurfacein outfile o½
plot of thelikelihoodsurfaceinto mathfile o¾ -histogram Tableof shapevaluesversuslog(likelihood),¾ is varyingwhereas
the other parametersare held constantat the maximumof the
surface.

o

Profiles Profilelikelihoodtables o½
Percentiles Percentilestable,summaryof profile tables o½

The ÂÄÃ¯Å calculationsarebasedon meandifferencesin populationscomparedto meandifferencesbetween
populations,for moreinformationyou shouldconsultMaynardSmith(1970)andHudsonet al. (1989). In
theAppendixyoucanfind asampleoutfilewith somecomments.

Walk thr ough an outfile

Thefollowing outputpiecesarefrom outfile.seq in theexample directory.

Title and Options

=============================================
Example for sequence data
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=============================================
MIGRATION RATE AND POPULATION SIZE ESTIMATION
using Markov Chain Monte Carlo simulation
=============================================
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:
---------------
Datatype: DNA sequence data
Random number seed (with internal timer) 674365543
Start parameters:

Theta values were generated from the FST-calculation
M values were generated from the FST-calculation

Migration model: Migration matrix model with variable Theta
Gamma-distributed mutation rate is not used
Markov chain parameters:

Short chains (short-chains): 10
Trees sampled (short-inc*samples): 10000
Trees recorded (short-sample): 500

Long chains (long-chains): 3
Trees sampled (long-inc*samples): 100000
Trees recorded (long-sample): 5000

Number of discard trees per chain: 200
Print options:

Data file: infile
Output file: outfile
Print data: No
Print genealogies: No
Plot data: Yes, to outfile and mathfile
Profile likelihood: Yes, tables and summary

This is thetitle andoptionspart. Don’t cut away theoptions,soyou will still know a few weekslaterwith
whatkind of optionsandhow longyou run theprogram.

Summar y of the data

Summary of data:
---------------
Datatype: Sequence data
Number of loci: 1

Population Individuals
-------------------------------------------------------------
1 population_number_0 25
2 population_number_1 21

Total of all populations 46

Empirical Base Frequencies
------------------------------------------------------------
Locus Nucleotide Transition/
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------------------------------ Transversion ratio
A C G T(U)

------------------------------------------------------------
1 0.2461 0.2450 0.2497 0.2591 0.60000

Thedatasummaryis (too)short,andselfexplanatory, youcanalsoprint thedata(notshown). Print thedata
thefirst time you usetheprogramwith your dataandcheckif it wasreadcorrectly: I control thefirst and
thelastindividual in apopulationandchecka few sitesatbothendsof thesequence.If theprogramcrashes
shortlyafterthestartalmostcertainlythedatacontainssometrouble.Themostcommonerroris having the
wrongnumberof individualsand/ornumberof sites.

Parameter estimates

==============================================================================
MCMC estimates
==============================================================================
Population [x] Loc. Log(L) Theta 4Nm

[4Ne mu] 1,x 2,x
-------------- ---- -------- -------- ----------------------------------------
1: population 1 2.88 0.04567 ------- 4.03909
2: population 1 2.88 0.02857 7.80435 -------

Comments:
There were 10 short chains (500 used trees out of sampled 10000)
and 3 long chains (5000 used trees out of sampled 100000)

This is the main outputof the program. For eachpopulationthereis a list of all loci and the estimates
and if therearemore thanone locus, thereis alsoan estimateover all loci. The ln(L) is the maximum
log likelihood. This valueis a ratio ÆÈÇ@É�Ê�ËÍÌÎÆÈÇ�É!Ê
É�Ï�Ë!Ð"Ê�É
Ï�ÑVË�Ë . The parameterÏ�Ñ aredifferentbetween
differentrunsof theprogramandthereforeyoucannotsimply comparebetweendifferentruns.
ThecolumnmarkedTheta( Ò ) givesthepopulationsizesfor eachpopulationandeachlocus,of coursethe
numberof individuals in that population Ó�Ô is for all loci the same,and the varianceyou seeis (a) the
varianceof thesampler, (b) stochasticvariancedueto thecoalescenceprocess,(c) varianceof themutation
rate. ThemigrationparameterÕ\Ó�Ö is to readthe following way: in population1, the2,x meansthat the
immigration from populationtwo into one is Õ\ÓØ×ÙÖdÚ�×dÌÛÕ\ÜkÝ"Þ�ß . in population2 the 1,x meansthat the
immigrationfrom populationoneinto two is Õ�Ó�Ú:Ö�×
ÚàÌqá"Üuâ"Ý:Õ If theprogramis alsoallowing for variable
mutationrate(you don’t want to usethatwith onelocus),thenyou will getalsoanestimatefor theshape
parameteralpha( ã ) for thedistributionof themutationrates.

äÄå¯æ
table

This will not be shown as a default, anymore. It is merely usedas a startingvalue for the Maximum
likelihoodestimates.Thetablearesimilar to thetableof theMCMC estimates.

Likelihood surface plots

Log-Likelihood surfaces for each of the 2 populations
-------------------------------------------------------

Legend:
X = Maximum likelihood
* = in approximative 50% confidence limit
+ = in approximative 95% confidence limit
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- = in approximative 99% confidence limit

Locus 1
x-axis= 4Nm [effective population size * migration rate],
y-axis = Theta,
units = log10

Maximum log likelihood on plot
Population 1: population_number_0
Immigration: 4Nm=5.179470, Theta=0.051795, log likelihood=2.678661
Emmigration: 4Nm=13.895000, Theta=0.051795, log likelihood=2.749731

Immigration Emmigration

-3 -2 -1 0 1 2 -3 -2 -1 0 1 2
++------+------+------+------+------++ ++------+------+------+------+------++

2 + + + +
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |

1 + + + +
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |

0 + + + +
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |

-1 + --- + + -- +
| ++*+ | | -+++++ |
| -+*X*- | | +*X*+*+ |
| ++**+- | | -+**+*+ |
| +++- | | -++-+ |
| | | |
| | | |

-2 + + + +
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |

-3 + + + +
++------+------+------+------+------++ ++------+------+------+------+------++
-3 -2 -1 0 1 2 -3 -2 -1 0 1 2

For eachpopulationandeachlocustherewill beasummarycontourplot for all immigrationsandall emmi-
grations.Theseplotsgivesomeinformationabouttheconfidenceyoushouldhave in theestimates.Keepin
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mind thatevenwith two populationsthereare4 parametersandthelikelihood.A plot is a kind of diagonal
throughthishighdimensionalspace(in thisexample:5 dimensions);

Profile likelihoods

Profile likelihood for parameter Theta_1
Parameters are evaluated at percentiles
using cubic splines of profiled parameter
(faster, but not so exact).
-------------------------------------------------------------------------------
Per. Ln(L) Theta_1 *Theta_1* Theta_2 M_21 M_12
-------------------------------------------------------------------------------
0.01 -3.645 0.0223 0.0223 0.0297 81.9303 293.8230
0.05 -2.065 0.0240 0.0240 0.0297 81.9441 294.2779
0.10 -1.329 0.0250 0.0250 0.0297 81.9766 294.5011
0.25 -0.284 0.0266 0.0266 0.0296 82.0709 294.7953
0.50 2.878* 0.0457 0.0457 0.0286 88.4385 273.2104
0.75 0.324 0.0789 0.0789 0.0279 96.2738 252.5011
0.90 -1.065 0.0900 0.0900 0.0277 97.4555 251.1683
0.95 -1.910 0.0966 0.0966 0.0277 98.0544 250.5631
0.99 -3.884 0.1119 0.1119 0.0276 99.2213 249.4557
-------------------------------------------------------------------------------
- = not possible to evaluate, most likely value either 0.0 or Infinity

in the parameter direction, the likelihood surface is so flat
that the calculation of the percentile(s) failed.

Theprofile likelihoodtablegiveyousomeideahow theparametersvary whenweholdoneconstant.In the
defaultsettingtheprogramtriesto find theparametervaluesthatareatpercentiles.How this is donefor ç�è :
(1) calculatethelikelihoodvaluefor a few valuessmallerandbiggerthantheML-estimate.(2) calculatea
splinefunction.(3) find the ç6è thatis at thepercentileé usingthesplines.(4) recalculatethelikelihoodand
maximizetheotherparameteragainusingthefull formula. In theexample,ç�è variesalmostindependently
from theothers,looking morecloselyit seemsthat çoê slightly shrinkswhile ç�è grows.

Summar y of profile likelihood tables

===============================================================================
Summary of profile likelihood percentiles of all parameters
===============================================================================

Parameter 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
M_21 30.53718 36.49126 39.97529 46.64759 88.43845
M_12 114.08445 132.49441 143.22648 163.32323 273.21045

Parameter 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
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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, most likely value either 0.0 or Infinity

in the parameter direction, the likelihood surface is so flat
that the percentiles cannot be calculated.

This summarizesonly the likelihoodandprofile parametercolumnin theprofile likelihoodtablesandcan
beusedto give someideaabouttheconfidenceyou shouldhave into theestimates.ë6ì hasa approximative
90%-confidenceinterval from 0.02399to 0.09660with a bestestimateof 0.04567.(thedatawassimulated
with a ë6ì#ísî"ïkî�ð , for further“true” valuesseetheREADME in theexample directory.
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Frequentl y asked questions, errors and warnings, and
troub leshooting

This sectionwill increaseswhen I get more feedback. The order of the questions/answersis probably
randomor historical.

Questions

1. How canI codehaploiddatafor Migrate?

2. I have haploiddata,whatis ñ ?

3. I have mtDNA sequencedatawhatis ñ ?

4. Why aretheLikelihoodvaluesdifferentbetweenruns?

5. It runwith thedefaultnumberof chainsetc.Hasit run longenough?

6. How longdoesit run?

7. CanI usehaplotypefrequenciesasinput?

Ans wers

1. I have haploid allelic data, how should I structur emy infile
Unfortunately, I wasbiasedtowardsdiploid datafor microsatelliteandenzymeelectrophoreticdata
andyouneedto fakediploidsfor theinfile. Yourmicrosatelliteexampleddatalook like this:

Locus1 Locus2 Locus3 Locus4 Locus5
Ind1 11 45 14 15 89
Ind2 11 47 13 15 67
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Ind3 11 43 13 15 67
Ind4 12 47 13 15 73
Ind5 11 45 13 15 89

And yourinfile shouldlook like this

2 5 . Example input for haploid microsatellite data
5 Fake diploid population 1
Ind1 11.? 45.? 14.? 15.? 89.?
Ind2 11.? 47.? 13.? 15.? 67.?
Ind3 11.? 43.? 13.? 15.? 67.?
Ind4 12.? 47.? 13.? 15.? 73.?
Ind5 11.? 45.? 13.? 15.? 89.?
4 Fake diploid population 2
..data not shown..

Or

2 5 . Example input for haploid microsatellite data
3 Fake diploid population 1
Ind1Ind2 11.11 45.47 14.13 15.15 89.67
Ind3Ind4 11.12 43.47 13.13 15.15 67.73
Ind5???? 11.? 45.? 13.? 15.? 89.?
4 Fake diploid population 2
..data not shown..

The“?” areremovedfor theanalysis(But recognizethatin sequencedatathe? arenot removed.

2. I have haploid data, do I have to multiply my ò , ó and ô�õ�ö ?
The ò you getwith haploiddatais òi÷iø"õ^ù!ú . Comparingwith othervaluesfor haploiddatashould
befine,but youneedto multiply whenyoucompareit with a ûÍü�ý�þµÿ from diploid data.

3. I have mtDNA data, do I have to multiply my ò , ó and ô�õ�ö ?
Seequestionabove,but in mostvertebratesmtDNA is only passingthroughthematernallineagesand
is haploid,for acomparisonwith diploid datayoushouldprobablymultiply by 4.

4. Why are the lik elihoodsbetweenruns differ ent?
Thelikelihoodsarereally ratios
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andwe run severalchainsandupdatethe
���

betweenchains.For a comparisonwe would needthat
thesecondlastchainof eachrun deliversexactly thesameparameters,which we thenwould usefor
thecomparison.A possibility is to run only onelong chainin eachrun with somegivenparameters� �

. This not really recommendedif thestartvaluesarenot very closeto thetrueparameters.
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5. It run with the default number of chainsetc. Has it run long enough?
this dependson the numberof populationsyou want to analyze. If you have oneit will be almost
certainly enough. But if you try to analyze6 or more it almostcertainly will not. You needto
experimenta little with thelengthof chains.Seechapter3 (Accuracy of results).

6. How long doesit run?
With progress=Yes theprogramtriesto estimatethelengthof a run from thework it hasdoneso
far, afterthefirst shortchainithis mayberatherimprecise,but you mayrealizethatyou needto wait
minutesor days.Thetime calculatedis only basedon thegenealogysearch,anddoesnot includethe
time to createtheplots for eachlocusandpopulation.Therefore,if you have many populationsand
many loci you canexpect to wait longer thanthe time stampindicates.Thereis an addtionaltime
estimatefor theprofile-likelihoods.

7. Can I usehaplotype fr equenciesas input? No, input formatsarea ratherarbitrarymatter, andI
decidedthatyou needto input eachsinglesequenceof genotype.I principle it would beeasyto add
a “frequency” input mode,but currentlyI have not time to do that.But keepaskingfor it, if this is so
importantto you.

Errors and warnings displa yed by migrate

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

Errors

The programabortswhen it encountersone of the following conditions. Of coursethereare certainly
conditionsI havenot thoughtof.

SEVERE ERROR: .... Most oftenyourinfile containsa problem(e.g.numberof sitesdoesnot match
the numberactualsitesgiven, numberof individualsdoesnot match). If you fail to correctthe problem.
pleasecontactme.

ERROR: Datatype is wrong,pleaseusea valid data type!
ERROR: the program will crashanyway, soI stopnow
Youprobablyspecifiedawrongletterfor thedatatypein theparmfile

ERROR: Wr ongdatatype,only the typesa, m, s,n ERROR: (electrophoretic alleles,
ERROR: microsatellitedata,
ERROR: sequencedata,
ERROR: SNPpolymorphism) areallowed.
Youprobablyspecifiedawrongletterfor thedatatypein themenu

ERROR: The parmfile containsan error on line XX
Therewasa wrongentryor evenmorelikely wrongvaluesin theparmfile on line xx.

ERROR: Inconsistencybetweenyour Menu/Parmfile and your datafile
Most likely your parmfileassumestherearen subpopulationsandyouassumem subpopulations.Problems
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with themigrationmatrixarelikely.

ERROR: There is a conflict betweenyour menu/parmfile
ERROR: and your datafile: number of populationsarenot the same
Most likely yourparmfileassumestherearen subpopulationsandyouassumem subpopulations.

ERROR: cannotfind seedfile
Youspecifiedthattherandomnumberis in seedfile, but thefile is notpresentin thedirectorymigrate
is running.

ERROR: Failur e to readseedmethod,shouldbe
ERROR: seed=autoor seed=seedfileor seed=own:value
ERROR: wherevalue is a positive integer
Eitherseedspecificationin seedfile or parmfile is wrong.

ERROR: Failur e to readstart theta method,shouldbe
ERROR: theta=FSTor theta=Own:x.x
ERROR: or theta=Own: ! x.x, x.x , x.x, ....."
ERROR: migration=Own:migration value
thestartparametersarenot correctlyspecified.

ERROR: Failur e to readstart migration method
thestartparametersarenot correctlyspecified.

ERROR: Custommigration matrix wascompletelysetto zero?!
thecustommigrationmatrixwasnot correctlyspecified.

Warnings

WARNING: migration limit (xx) exceeded:yy
WARNING: resultsmay beunderestimatingmigration rates
WARNING: for this chain
If this happensonly a few timesin shortchains,don’t worry. If it happensin the last chainor very often,
thenyour migraitonestimateswill be most likely underestimated,but the migration ratesbetweenthese
populationswill bevery high,anyway. It meansthatthereis anupperlimit of possiblemigrationeventson
thegenealogies,andthis is setasadefault to numberof populations# 1000.

WARNING: Migration forced
WARNING: resultsmay overestimatemigration rates
WARNING: for this chain
Migrationrateis essentially0.0,theprogramproposessometimesamigrationeventevensotheprobabilities
would foceacoalescence,thisheuristichelpsto escapethefatalattractionto 0.0. If 4Nmis smallerthan0.1
theprogramwill proposerandomlyevery tentheventa migrationevent. This genealogyhasthenstill to be
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accepted.Hitting this boundarycanproduceanupwardsbias,but it shouldbeonly berecognizablewhen
yourpopulationsarebarelyconnected,if at all.

WARNIN‘G: This doeslook lik esequencedata
WARNING: I just reada number of sites=0
WARNING: If you usethe wrongdata type, the program will abort
Checkyourdatatype!

WARNING: ————————————–
WARNING: Targetbranch problemswith time=xx
WARNING: ————————————–
If you encounterthis, abort the program,and try to find the error in the infile, but if the dataprints
conrrectly, pleasecontactme.ProbablyI shoulddeclarethisasevereerrorandabort.

WARNING: proposedand new lik elihooddiffer: xx != yy
WARNING: abort the program and try to find the errors
WARNING: therecould bea wrongdatatype,or infile
WARNING: to checkthe data you canprint it (seemenu)
If you have problemsto resolve this error (checkfor errorsin infile), pleasecontactme andtry to give as
muchinformationasyoucan(includingyour dataset).

WARNING: Inappr opiateentry in parmfile: keyword ignored
Thekeyword of aparmfileentrywaswrong,oftenmisspelled.

WARNING: You forgot to add your guessvalue:
WARNING: Theta=Own:pop1,pop2,...
WARNING: or Theta=Own:guesspop (samevalue for all)
YouprobablyspecifiedTheta=Ownandforgot to saywhatvalues.

WARNING: You forgot to add your guessvalue,useeither:
WARNING: migration=FST
WARNING: or migration=Own: $ guess4Nm% (samevalue for all)
WARNING: or migration=Own: $ - 4Nm214Nm31.... 4Nm12- 4Nm23...%
You probablyspecifiedmigration=Ownandforgot to saywhatvalues.Seetheparmfilesection,abouthow
to give themigrationvalues.

Troub leshooting

If you think youhave foundabug pleasereportthis to
beerli@genetics.washington.edu. I would like to know every warningyou seewhile you com-
pile theprogram,if you sendmebug-reportspleaseincludeyour hardwareandsystemspecifications,your
infile, yourparmfile (if any), anda “printout” of thewarningsor errors.
BUT, mostly, theproblemis that thedatain theinfile is in a wrongformat: you canexpecttheprogramto
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crashwhenyou try to usethedatatype=Allelic andyour infile containssequencedata.I amtrying to
reducethenumberof strangeerrormessages,but thishaslowerpriority thanaddingnew features/improving
code.

Please,beforeyou report a bug, compareyour infile with the examples.
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Program distrib ution and installation

Program availability

Migrate canbefetchedfrom ourwww-site
(http://evolution.genetics.washington.edu/lamarc.html) andis freefor noncommer-
cial use.Currentlywe have thefollowing packagesavailable:

migrate.tar.gz Source
migdoc.pdf Documentation
migrate.src.pm.sea.hqx Sourcefor powermac(Metrowerks)
migrate.powermac.sea.hqx Powermacbinaries
migrate.alpha.tar.gz DecAlphaDUNIX binaries
migrate.openstep.tar.gz OPENSTEP/NeXT[Intel] binaries
migrate.linux.tar.gz LINUX binaries
migrate.solaris.tar.gz Solaris2.6binaries
migwin.exe WindowsNT/95self extractingarchive

Installation

Binaries

OnUNIX systemunpackwith tar xvfz migrate.[system].tar.gz or
gunzip -c migrate.[system].tar.gz | tar xf -. This builds a directorymigrate with
asubdirectoryexamples, thefilesREADME, HISTORY, andtheprogramsmigrate andmigrate-n.
Theprogramcanbemovedto a locationlike/usr/local/bin andthedocumentation(HTML files are
in documentation/migratedoc)to your HTML directory(e.g./usr/local/etc/httpd/htdocs). On
Powermacsor Windowsmachinesdoubleclick thearchiveandafoldersystemsimilar theUNIX directories
abovewill becreated.
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Sour ce

UNIX

1. gunzip -c migrate.tar.gz— tar xf - or
tar xfz migrate.tar.gz this createsadirectory”migrate” with ”src” and”examples”in it.

2. cd migrate

3. configure
(this scriptschecksyour systemandwill reportfunctionsthe programneeds,if a function is not, it
will reportanerror, which I needto know.

4. make
(pleasereportwarningsandespeciallyerrors)theresultshouldbea binarymigrate in themigrate
directory.

5. make install
(this will install theprogramandman-pageinto usr/local/bin,/usr/local/man/man1; you needto be
root to do this; this stepis notnecessary)

Powermac
Thesourcecodefor thePowermacis thesameasthegeneralsourcecodebut it is packagedwith aminimal
graphicalinterfacefile anda MetrowerksCodewarrior project,which shouldmake it very easyto compile
(if youhaveavery recentMetrowerkscompiler).

1. Unpack(it is aself extractingarchive).

2. Openthemigrate.& file andusethesubmenuMake (I compiledwith MetrowerksCodeWarriorPro4)
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Miscellaneous

Wish list

Sendmeareprintif youusedMigrate for your publication.

Cite thedocumentationandourpaper' Once it’s published ( , seebelow.

Reportproblemsto beerli@genetics.washington.edu

Suggestions(if you needtheseimprovementsvery soon,adda checksothatI canhire a programmer

to implementall those )

How to give credit

Pleasecite:

Beerli, P. 1997. M IGRATE 0.7: documentationandprogram,part of LAMARC. RevisedMay 19, 1999.
Distributedover theInternet,
http://evolution.genetics.washington.edu/lamarc.html
[Downloaded:...date....]

Beerli, P., and J. Felsenstein.1999. Maximum likelihood estimationof migration ratesand population
numbersof two populationsusingacoalescentapproach.Genetics152(2):763-773.

Beerli, P. 1998. Estimationof migrationratesandpopulationsizesin geographicallystructuredpopula-
tions. In Advancesin molecularecology(Ed. G. Carvalho).NATO-ASI workshopseries.IOS Press,
Amsterdam.Pp.39-53.

Copyright

(c) Copyright 1996-1999by PeterBeerli andJosephFelsenstein,Seattle. Permissionis grantedto copy
this documentandthe programMigrate-n andMigrate provided that no fee is chargedfor it andthat this
copyright noticeis not removed.
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Appendix

Mathematica plot package

If you have accessto theprogramMathematica, you canopenthelamarc.example.ma in theex-
ample directory. With it youcancreatenicerlikelihoodsurfaceplotsthantheonesyouseein theoutfile. )
the syntax used is only valud of migrate-0.4, I need to clean the approriate tools for migrate-n for
public consumption *

Example:

0.0010.01 0.1 1 10 100

4Nm

0.001

0.01

0.1

1

10

100

T
he

ta

0.0010.01 0.1 1 10 100

4Nm

0.001

0.01

0.1

1

10

100

T
he

ta

Histor y and persistent problems

[people]in bracketshelpedto find bugs/problems.
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May 19,1999MIGRATE-N 0.7Updateddocumentation,severalminor things,warningsanderrorreport-
ing shouldbe moreconsistent,I am addinga sectionto the manualthat describesall error/warning
messages[partly done],the plotting graphicsaremoreflexible now, but still needmorework. You
canspecifytherangeandtypeof axes(log-scale,std-scale),andif themigrationparametershallbe
plottedasM=m/mu or 4Nm. Fix of inconsistency in migrationvaluemenuinput [ReinaldoBrito].
Fix of anerrorin theprofile-method=FAST (it will neednow moretime to finish,becauseit is doing
thefinal maximizationoverall otherparameters),if youwantits old behavior, thatassumesthatTheta
andM arenot correlated[not a toobadassumption],thenuseprofile=YES:QUICK.

Feb14, 1999MIGRATE-N 0.6.3Updateddocumentation(fixederrorsin descriptionof random-seed
options,addedimportantmaterialto profile-likelihood), inclusionof improvedmanpage,fixedcon-
figurefor SGI’swith outgcc.

Oct11,1998MIGRATE-N 0.6Addition of datatype=nthatis for singlenucleotidepolymorphismdata,no
simulationwith this kind of datais yet done,so I do not know aboutbiasesetc. Profile tablesnow
report4Nm insteadof m/mufor themigrationparameters.Documentationcontainsnow moreabout
whatyou canandcannotdo with thereportedlog(likelihood)values[Mats Bjorklund]. Binariesfor
OPENSTEPavailable[thanksto MagnusNordborg giving meanaccountonhismachine].Registered
users:206

Sep1, 1998MIGRATE-N 0.4/0.5[wasnot released,wastoobusywith otherthings]FSTstartvalueswork
now alsofor microsatellitedatabut I still needto checkthecorrectednessof theFSTtablewhenthe
dataaremicrosatellites.Fixed wrong emmigrationplots. Fixed wrong startcalculationsfor allelic
datawhena delimiter wasused,andseveral minor bug fixes. Profile-method”uncorrelated”from
versionalpha.1recovered.Registeredusers:197

June14, 1998 MIGRATE-N alpha.3and MIGRATE-0.4.2Several minor changesin migrate-n: menu
addition for -profile method: profile-method=¡Spline— Percentiles— Discrete¿Spline: uses1-
dimensionalsplinesto find percentiles,fasterthanthe”Percentiles”optionbut 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 a roughprognosedtime of endof samplinggenealogiesandif you useprofilesan
estimatedtime of finishing. -Fix of readingin intermediateresults(sumfile). -Most importantlya
(hopefully) stablecompilefor Windows, I failed to find the causewhy the programcompiledwith
WATCOM failedto finish with ”bigger” datasets,it is now compiledwith mingw32/gcc-win32,this
is a windows port of the samesystemI am usingon my workstation. Pleasereport failures,I can
only try a limited setof examples.Migrate-0.4.2:new windows binary(usingmingw32/gcc-win32)
Registeredusers:163

May 30, 1998MIGRATE-N alpha.2andMIGRATE-0.4.1With morethan2 sequenceloci, therewasa
problemwith the T/T-ratio, whenthe ratio wasnot specifiedfor eachlocus. Startparameterprob-
lemswith microsatellitedatafixed[Mats Bjorklund]. Persistentproblemswith Windows executable
sometimesI getfloatingpointerrors,on all othersystemsthisdoesnotoccur. Registeredusers:153

May 29,1998MIGRATE-N alpha.1andMIGRATE-0.4Memorybug in FSTcalculationfoundandfixed
[DanielYeh]No changeof Migrate-0.4Registeredusers:148.

May 26,1998MIGRATE-N andMIGRATE-0.4This releasehasthetwo populationversion(Migrate-0.4)
andan alpha-versionof Migrate-n that cansolve migrationmatrix populationmodelwith unequal
populationsizesandunequalmigrationratesfor n populations,I tried up to 10 andtheresultswhere
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fine,but I amprettysurethatif youtry to feedin all yourdateof 100subpopulationit will (a)probably
crash,but moreimportantly(b) will needTERRIBLY long to run. I would like to getsomefeedback
aboutwhatyouwantto seein theoutfile,menuetc.RegisteredUsers: 138.

March18,1998:MIGRATE 0.4
Updateof themanual,but still not complete.More complex sequenceevolution models(categories,
weights,autocorrelationetc.) shouldwork now, it wasbroken. Cleanupof someoutputfile lines,
andsomemenuentries.TheFSTestimation(RememberFSTis only usedto generatestartparameter
values)is in pre0.4versionslogically flawed.It estimates2 parametersperpopulationusingF within
andF between,but thereis only 1 F between.Correctly, we canonly estimatemaximally3 param-
eterswith 1 locusfor two populations.I addedan option into the MENU andinto the PARMFILE
(fst-type=+ Theta , Migration - ) with whichyou candecidewhich parameteris consideredthesame
for bothpopulations.Registeredusers:103

August20,1997:MIGRATE 0.3.1
Confusingmenuentriesfor startthetaand4Nm valuesfixed[Carol Reeb],thestartmigrationvalues
are now 4Nm and *not* m/mu valuesas before. Automatic Randomnumberseedon Macs and
perhapson otherSystemsdeliveredsometimesnegative values,now fixed [Carol Reeb],althoughI
would recommendto useyour own randomnumberseeds:bestvaluesare4n + 1 in the rangeof 5
.. 2147483647,so thereareplenty of start randomnumberseeds.Menu entry for usertreeoptions
shouldbe no moreclear, the usertreeoptionsneedsa genealogywith migrationeventson it [Tony
Metcalf]. CurrentlyMIGRATE canconstructthose,or you have to do it by hand,if you needto do
thissendmeemail,becausethedocis notupdated.Registeredusers:52

June20,1997:MIGRATE 0.3.0
Brownianmotionapproximationto stepwisemutationmodelfor microsatellitesadded.Solvedprob-
lems: Input problemswith microsatellitesdata,major memoryallocationproblemfor datasetswith
morethan100genecopiesfixed[CarolReeb].Updateof somecitationandFSToutputtables[Byron
Adams]. Persistentproblems:Long sequencesAND high numberof individualsneedmuchlonger
chainsthanthe proposeddefault. Try ten timeslonger”long” chains. Or usethe option ”moving-
steps”.Registeredusers:38

May 12,1997:MIGRATE 0.2.1a
Fixed problems:Interleaved sequencedatashouldwork now, last characterof individual namesis
now printing,andprinting of secondpopulationdatashouldwork, too,althoughtheEPdataprintout
is still ugly. [Allen Rodrigo].Memoryproblemwith someAllelic datafixed.Registeredusers:30

April 30,1997:MIGRATE 0.2a
Fixedproblemsor changes:Correctionsof severalminorproblems,Printingof thedatafixed,but still
ugly; Memoryproblemwith largesequencesfixed.Options:treefileadded,canwrite now agenealogy
with migrations;the option progress=Verbosefor moreinformationduring a run, the progress=Yes
givesnow lessinformationthanbefore.Output:covariancematrix for combinedloci now prints,too.
Persistentproblems: -Long sequencesneedvery long chainsto remove the startingconditionsfor
themigrationratefrom thefirst tree(seedocumentation).-Microsatellitesstill have probablya bias
downwardsin Theta,but I needmoresimulationsto make thismoreclear. Registeredusers:8

March4, 1997:First trial releaseof MIGRATE 0.1a
This releaseis notannouncedwidely, becauseI have to test,almosteverythingincludingall HTMLs,
registration,andtheprogramitself: simulationsneedtime. Registeredusers:1
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