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1.NOTE ABOUT SPAGeDi 1.3 AND INSTALLATION
Copyright (c) 2002-2009 Olivier Hardy and XavierRéenans

This program is free software: you can redistribugad/or modify it under the terms of the GNU @gal

Public License as published by the Free Software&ation, either version 3 of the License, or @iryoption)
any later version. This program is distributedhie hope that it will be useful, but WITHOUT ANY
WARRANTY; without even the implied warranty of MERIZANTABILITY or FITNESS FOR A

PARTICULAR PURPOSE. See the GNU General Public hseefor more details. You should have received a
copy of the GNU General Public License along witis program. If not, see <http://www.gnu.org/licess.

SPAGeDihas been tested on several data sets and reseiles ahecked for consistency with alternative
softwares whenever possible. It may neverthelébsantain bugs (corrected bugs are listed atehd of this
manual). Some of these bugs are probably easytéotdey causing the program to crash or leadingbtdous
erroneous results for particular data sets and/aesl But others, more critical, may just causedaaesults that
appear plausible. Hence, it is advised to take nuach checking the consistency of the informatiamif the
results file. The authors would appreciate beinfprmed of any detected bug. The authors claim no
responsibility if or whenever a bug causes a meéspretation of the results given BPAGeDi

What's new in SPAGeDi ?

Implementations iwersion 1.3

1°) SPAGeDil.3 can be compiled for different platforms inéhgiwindows, Mac OS X, andLinux (thanks to
Reed Cartwright!).

2°) The iterativeprocedure to estimate gene dispersal parameter&as been improved.

3°) A new statistic (Nij) characterize similarity between individualsing “ordered alleles. It is an analogue of
kinship coefficient considering the phylogenetistdince between alleles (or haplotypes). Permuta#ets

permit to assess whether the allele phylogeny itnrigs to the genetic structure, providingtest of

phylogeographic patterns at the individual level

4°) Spatial coordinates can now be given as laguand longitudes in degrees with decimal (usirgptiee
numbers for Southern latitudes or Western longilid@o this end, the number of spatial coording8%$
number of the first line) must be set to -2.

Implementations iwersion 1.2

1°) SPAGeDil.2 proposesmew statistics (e.g. Ns7) to characterize differentiation among populatiasing
“ordered alleles, i.e. considering the phylogenetic distance betwalleles (or haplotypes), as proposed by
Pons & Petit (1996). Permutation tests permit teeas whether the allele phylogeny contributes & th
differentiation pattern, which can be useddst phylogeographic patterns

2°) SPAGeDi1.2 proposes amstimator of the mean kinship coefficientbetween populations (Gij) closely
related to the autocorrelation of population alfeégjuencies (Barbujani 1987).

3°) SPAGeDil.2 proposes mew estimator of the relationship coefficienbetween individuals (Li et al. 1993).

4°) SPAGeDil1.2 can use specifieference allele frequenciegto specify in a file) to compute relatedness
coefficients between individuals.

5°) SPAGeDil1.2 includes an iterativprocedure to estimate gene dispersal parametefsom isolation-by-
distance patterns by regressing pairwise kinshgfiodents on distance over a restricted distarege (this
requires an estimate of the effective populatiomsitg).

6°) SPAGeDil.2 provides bettegrror messagesThe most common data file errors are systemétitiated in
a file called “error.txt” when launching the prograAs far as possible, error messages when problems
were improved. These messages are not yet optimélhat suggestions to improve them are welcome.
Empty lines in data files are nowallowed. Problems when entering instructions with the eyl under
Windows 2000 and latter versions have been solved.



Implementations iwversion 1.1

1°) SPAGeDil.1 can treat data froalominant genetic markers such as AFLP or RAPD to compubevise
relatednesscoefficientsbetween individuals Details about the statistics used can be fouridiairdy (2003).
The way to code phenotypes of dominant markerkedrdata file is explained in § 3.2.2.

2°) SPAGeDil.1 proposes aallele size permutation testindicating whether microsatellite allele sizes are
informative with respect to genetic differentiatiddetails about this test and its applications gik&n in
Hardy et al. (2003).

Installation

For Microsoft Windows users, an executable (SPAG®{®) can be downloaded and used directly without
installation, as for the previous versions.

Native installers for Windows, Mac OS X, and Lincreated by Reed A. Cartwright <reed@scit.us> ae al
available. These native binaries have not bedy tested and may not work on all versions of tlugierating
systems. If they fail to run properly, you can aysw compile the source packages. If the Windowsiae of
SPAGeDffails to work, you might also need to install térosoft Visual C++ 2008 SP1 Redistributable
PackageHttp://www.microsoft.com/downloads/details.aspxAfgiti=A5C84275-3B97-4AB7-A40D-
3802B2AF5FC2&displaylang=¢n

SPAGeDi-1.3a-win32-x86.exe: Windows Installer, 32-b
SPAGeDi-1.3a-Darwin-universal.dmg: Mac OS X Ingtgli32-bit (intel and ppc)
SPAGeDi-1.3a-Linux-i686.tar.gz: Linux Binary Packa@.6 kernel)
SPAGeDi-1.3a-FreeBSD-i386.tar.gz: FreeBSD Binargkge (7.1 kernel)

For all users, portable source codgUnix/Windows/OS X port) has been created by R&e@artwright
<reed@scit.us>. CompilingPAGeDifrom source requires CMakkt{p://www.cmake.org/ Windows, Mac
OS X and most Unix-like operating systems can Ih€tislake through their package systems, otherwisean
be compiled from its source code. Once CMakestalled, downloadPAGeDi’'ssource code.

SPAGeDi-1.3a.tar.gz: Unix and Mac OS X sourceifiafeeds)
SPAGeDi-1.3a.zip: Windows source (\r\n linefeeds)

Installation from source should be roughly the semenost systems. Detailed instructions for Lifafow.
Open a terminal and issue the following commandsegou have download&PAGeDi’'ssource code to your
home directory.

tar xvzf SPAGeDi -1.3a.tar.gz
cd SPAGeDi -1. 3a

cnmake .

make

make i nstall

A “-g” option can be passed to CMake to designaddfarent build system. This is most importantemh
compilingSPAGeDion Windows. See CMake’s documentation for moferimation.

How to cite SPAGeDIi?

Hardy, O. J. & X. Vekemans (2002). SPAGeDi: a vilssgomputer program to analyse spatial
genetic structure at the individual or populatiendls.Molecular Ecology Note®: 618-620.
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2. WHAT IS SPAGeDi ?

2.1.PURPOSE

SPAGeDis primarily designed to characterise the spaiaetic structure of mapped individuals and/or neapp
populations using genotype data (e.g. isozymes, FRFhicrosatellites) of any ploidy level. For polyjls,
analyses assume polysomic inheritance as in awplpals. Polyploids with disomic inheritance
(allopolyploids) can be treated correctly only ifieles from different homeologous genomes can be
distinguished so that genotypes are treated asidighta. SPAGeDican compute inbreeding coefficients as well
as various statistics describing relatedness derdifitiation between individuals or populations fmirwise
comparisons. To analyse how values of pairwise eoispns are related to geographical distan88A\GeDi
computes 1°) average values for a set of predefidistance intervals, in a way similar to a spatial
autocorrelation analysis, 29)near regressions of pairwise statistics on geogial distances (or their
logarithm). The slopes of these regressions cagngiatly be used to obtain indirect estimates ofegdispersal
distances parameters (e.g. neighbourhood size),pamndide a synthetic measure of the strength ofiapa
structuring. SPAGeDican also treat data without spatial informatiomving global estimates of genetic
differentiation and/or matrices of pairwise statistetween individuals or populations.

Different permutation procedures allow to testliére is significant inbreeding, population diffeiation,
spatial structure, or if microsatellite allele siae the phylogenetic distance between alleles emrrelevant
information about genetic structure.

Analyses can be carried out on data sets containdigiduals with different ploidy levels, but noh data sets
mixing loci corresponding to different ploidy legewithin individuals (e.g. genotypes based nuclead
cytoplasmic DNA can not be analysed simultaneouskgept for an haploid organism). Data from dominan
markers (RAPD, AFLP) can be used to carry out agayat the individual level with diploids (relateda
coefficients between individuals). Presently, thisreo statistics adapted to dominant markers rfiafyses at the
population level or for higher ploidy levels. Orencalways enter such data as haploid data (notchvixi data
from codominant markers), but much caution mudiken in the interpretation of the results.

2.2.How TO USE SPAGEDI — SHORT OVERVIEW

SPAGeDihas no fancy windowing features. To launch the mnogjust double click on the program icon and
type the name of the data file or drag a datadid@ into the program window. You can also laurted program
with a command line (see 84.1).single data file must contain all individual characteristics (namategory,
spatial coordinate(s), genotypes). Details of thalyses to be carried out (individuadrsuspopulation level,
population definition, statistics, permutation sestarious options) will be specified after the gnam has been
launched. Results of the analyses are writtendimgle results file Data and results files are text files with tab
delimited pieces of information. Hence they aretlmsened and edited using a worksheet software asch
Excel. Data files can be converted from and intd &B and GENEPOP formats. Althougiiror messagesare
displayed when problems occur, typically because dhta file is not properly formatted, they may bet
sufficient to find out the errors. Therefore weergsers to read carefully the instructions for prép data files
(next chapter).

2.3.DATA TREATED BY SPAGeDIi

SPAGeDirequires that the following information is provitidor each individual: 1°) one to three spatial
coordinates on a Cartesian coordinate system itudetand longitude in degrees (facultative), 28)ue of a
categorical variable (facultative) and 3°) its ggpe at each locus (missing data allowed). Thegoateal
variable can be used to define populations or &irice analyses within or among categories. Thetiapa
coordinate(s) permit(s)PAGeDito compute pairwise distances between individualpapulations (Euclidian
distances). Alternatively, pairwise distances cardbfined in a separate matrix. To compute sontestita, a
matrix giving phyletic distances between alleles abso be provided.



2.4. THREE WAYS TO SPECIFY POPULATIONS

Populations can be defined in three different way¥:as categorical groups, where one populatictuites all

individuals sharing the same categorical varial2l®; as spatial groups, where a spatial group iregudll

individuals sharing the same spatial coordinated faflowing each other in the data file; 3°) as #&pat
categorical groups, where a spatio-categorical giooludes all individuals belonging to both thensaspatial
group and categorical group. When populations efield using the categorical variable, the spatiardinates
of a given population are computed by averagingctwdinates of the individuals it contains.

2.5.STATISTICS COMPUTED

Statistics for pairwise comparisons betwgepulationsinclude:

Fst a measure of population differentiation (intrasd kinship coefficient) (Weir & Cockerham 1984)
Gst equivalent td-st but estimator with different statistical propesti@ons & Petit 1996)

Rst Fst analogue based on allele size (Slatkin 1995, astidias Michalakis & Excoffier 1996)

Nst Fst analogue accounting for the genetic distancesdetvalleles (Pons & Petit 1996)

Rho intra-class relatedness coefficient permittingoagploidy comparisons (Ronfort et al. 1998)

Gij mean kinship coefficient between populationsrfBgni 1987)

Nij Gij analogue accounting for the genetic distances leetwateles (OJ Hardy, unpubl)

Ds Nei's 1978 standard genetic distance

(3u)? Ds analogue based on allele size (Goldstein and lP&887)
Global F- or R- statistics(inbreeding coefficients) are also provided.

Statistics designed for pairwise comparisons betwedividuals include

Kinship coefficients, Fj: 3 estimators including one for dominant markersliploids (Loiselle et al. 1995,
Ritland 1996, Hardy 2003)

Relationship coefficients 6 estimators including one for dominant markersliploids (Hardy & Vekemans
1999, Lynch & Ritland 1999, Queller & Goodnight P98 ang 2002, Li et al. 1993, Hardy 2003)

Fraternity coefficients 2 estimators (Lynch & Ritland 1999, Wang 2002)

Rousset’s distancéetween individualsh;; (Rousset 2000)

A kinship analogue based on allele siz&;; (I’ in Streiff et al. 1998)

A kinship analogue based on the genetic distancestiween allelesN;; (OJ Hardy, unpubl)
Inbreeding coefficients(computed as kinship coefficients between gendéesapithin individuals)

All statistics are computed for each locus and dtilmcus weighted average. Note that an estimatehef
inbreeding coefficient must be entered to compirisHip or relationship coefficients with dominanarkers in
diploids.

The actual variance of these coefficients (i.e. the remaining variangleen sampling variance has been
removed) can be estimated following the methodid&Rd (2000) for each distance interval definede Bctual
variance of kinship (or relatedness) coefficientsl af pairwiseFst is necessary foin situ, genetic markers
based inference of, respectively, the heritabditg Qs of quantitative traits.

For pairwise coefficients, mean values per distant®vals and regression slopes on spatial distane given
(unless spatial information are lacking).

Jackknifying loci (i.e. deleting information from one locus at a t)npeovides approximate standard errors for
the multilocus estimates.

Permutation tests whereby the statistics are computed again aftat khcations, individuals or genes are
permuted provide ad hoc tests for spatial genétictsire, population differentiation or inbreediogefficients,
respectively. Note that permuting locations is eglgint to carrying out a Mantel test. Permutatidn o
microsatellite allele sizes or of the phylogeneligtances between alleles also permit to testeifiutation rate
is sufficient to affect the genetic structure (tebphylogeographic patterns) (Hardy et al. 2008n$& Petit
1996).



3. CREATING A DATA FILE

The data file is a text file. It is advised to deethe data file using a worksheet program sudixagl and then
save it as atab delimited text file”. If you do not have this option, try “DOS text™Text Unicode” or “ASCI”
formats might not work).

3.1 STRUCTURE OF THE DATA FILE

Comments lines they are not read by the program and can bempwtlzere in file. Comment lines must begin
by the two characterd/ . Empty lines are allowed.
The data file must be in the following format, wighch piece of information within a line being seped by a

tab (i.e. each piece of information put in adjacenuoms if using a worksheet program to generatedtita
file). Hereafter, first, second, third,... line redep non-comment and non-empty lines.

 first line : 6 format numbers separated by a tab in the following order:
- number of individuals
- number of categories(0 if no category defined)
- number of spatial coordinatesin a Cartesian coordinate system (0 to 3) or ptibr2atitude + longitude
- number of loci (or the number you wish to use if the data setaina more)
- number of digits used to code one allele (1 to 8);set avalue <0 to specify data frordominant markers
- ploidy (2 = diploid; for data with several ploidy levetgye the largest)

» second line definition ofdistance intervals
- humber of distance intervalg)(
- then maximal distances corresponding to each interval

Note 1: alternatively you can enter only the desinember of intervals preceded byegative sign the
program then defines tha maximal distances in such a way that the numbempaifwise
comparisons within each distance interval is apipnately constant.

Note 2: if you do not wish distance intervals, put
Note 3: if you use latitude + longitude, distanciervals must be given in km .

« third line : the names used as colutabels (up to 15 characters long, without space):
- a generic name for individuals (e.g. “Ind”)
- a generic name for categories (e.g. “Cat”), ohbategories are defined
- a generic name for each spatial coordinates ‘(€g:Y")
- the name of each locus (e.g. “Pgm”, “Est”, ...)

» fourth line and next ones individual data (each line = 1 individual):
- name of the individual (up to 15 characters)
- hame of the category (up to 15 characters), brdgitegories are defined
- coordinate along each axis (up to 10 digitsjatitude followed by longitude
- genotype at each locus (also separated by a tab)

Note : if the number of spatial coordinates isteet2, latitudes and longitudes must be given in degrees
with decimal, using negative numbers for Southetitude or Western longitude.

» last line (after the last individual): the wordEND" (in uppercase)



3.2.HOW TO CODE GENOTYPES ?
3.2.1. Codominant data

Single locus genotypes are represented by numbeithier of the following ways:

1°) theallele of each homologous gene is uprtdligits long and alleles ameparated byany number ofion
numerical charactersother than a tam(is specified in the first line): e.g.,

12/45 112 99, 23 6.6 36--01
are correct genotypes for a diploid with up to @itdiper allele.

2°) the allele of each homologous genexactly n digits long and alleles are not separated by other characters:
e.g.,
1245 0112 9923 0606 3601
are the same genotypes as above.

In both cases, non numerical characters cafufiotv the righter most digit.

Notes:

1°) missing genotypesre represented by giving the valie.g.,
0 00 000,000,000,000 000
all represent a missing genotype.
2°) incomplete genotypesre represented by giving thalue 0 to undetermined allelem theright : e.g.,
05-00 05,0 500 0500
all represent the same incomplete genotype oflaidi2 digits per allele).

3°) thefirst 0’s areoptional so that0112and0606could also be written asl2 and606, respectively

4°) different ploidy levels can co-occur within a data set (not withisingle individual), therefore alleles are
defined only for the necessary number of gene8valuesare attributed to “alleles3n theleft: e.g.,

123125125121 97 123 0097123
are correct genotypes for a tetrapoid and two diplaespectively (3 digits per allele).

5°) do not confound incomplete genotypes with ggmes for a ploidy level lower than announced: e.g.,
2340 4500 0234 45

successively represent 2 tetraploids (with incomepigenotypes), a triploid and a diploid (the twitela
with complete genotypes), respectively (1 digit aizle).

3.2.2._Dominant data(set the % format number, “number of digits% 0 and the 8 format number, ploidy = 2)
Single locus genotypes are represented by numbeithier of the following ways:

1°) if the “number of digit” is set to 0, put

0 for a missing data
1 for a recessive genotype
2 for a dominant genotype

2°) if the “number of digit” is set to —X (i.e. &gative number), put

-X for a missing data
0 for a recessive genotype
1 for a dominant genotype



3.3.EXAMPLE OF DATA FILE

/I this an example (lines beginning yare comment lines)
/I #ind #cat #coord #loci  #dig/loc ploidy

5 0 2 4 2 2

4 10 205 50 100

Ind Lat Long adh got pgm lap
indl 7.3 21 0101 0303 O 0101
ind2 8.4 52 101 101 102 103

3 5.11 103 0101 0303 0102 0103
4 1.0 132 11 33 1-2 0103
lastind 1.94 129 0 1701 0118 1799
END

which specifies that 5 diploid individuals, not wefd by categories, with location defined by 2 Epat
coordinates, are scored at 4 loci where allelesdafaned by 2 digits, and that 4 distance interuai be
considered as follow: [0 to 10], J10 to 20.5], ]2Go 50], 150 to 100]. Note that individuals 3 atdhare the
same genotypes but written in different ways.

3.4.NOTE ABOUT DISTANCE INTERVALS

When specific distance intervals are defined in dagé file, the program checks that timaximal distance
between two individuals / populations is not gredtein the maximal distance of the last distanderval.
Otherwise, aradditional interval is created Additional classes are also created for analgsele individual
level: anintra-individual class containing inbreeding coefficients (only for kifgtstatistics), and amtra-
group classif individuals are organised into spatial groupsd 83.5.).

Use a point to indicate decimalgas in American notation), using a coma (as iméhenotation) would cause
distances to be misinterpreted.

3.5.NOTE ABOUT SPATIAL GROUPS

If individuals consist ofspatial groups that should be recognized (e.g. sibs from a gif@nily, individuals
from a given populationjndividuals belonging to a same group mdisiow each otherin the data fileand
they must be given theame spatial coordinatesFor analysis carried at the individual level, regram will
then add a distance class for the pairwise coefftsibetween members of the same grintpa¢group class).

For analyses at the individual level when each individual receives specific spatiabrdmates (no spatial
groups, i.e. no two adjacent individuals in theadfiile share the same location), individuals aresatered as
independent from one another. This is typically kived of analysis focusing on one continuously ritisited
population. If instead individuals are organisedpatial groupsndividuals from a same group are treated as
dependent In such case, regression analyses do not tal@@tount pairwise comparisons between individuals
from a same group. The procedures for location pttions is also affected, as spatial group looati@ther
than individual locations are permuted (see 85When asking for the matrices of pairwise spatil genetic
distances between individuals, the value of thdiapdistance between members of the same groigetis
conventionally to —1.

3.6.NOTE ABOUT MICROSATELLITE ALLELE SIZES

Several statistics are based on microsatellitdeaizes (e.g. R-statistics, Goldstein and Pollq&'897) Ji4,
Streiff et al. (1998) kinship analogue) using tiee specified in the genotypes of the data filealty, this size
should be the number of repeats of the microstaetiiotif. The computed statistics will still be whif the size
correspond to a constant plus the number of refbatsthemean allele sizénformation, see § 5.2., will not
give the mean number of repeats). Problems mayr dicallele sizes are given in terms of number ofleotides
rather than repeats. For thg” statistic, single locus estimates will be mulgpliby the square of the motif size



(the same holds for the¢ariance of allele sizénformation, 8 5.2). For R-statistics and Stresffal. (1998)
kinship analogue, single locus estimates will netaffected, but multilocus estimates would be af@df the
motif size vary among loci, in which case one stiaiange the data file, dividing allele sizes peus by the
corresponding motif size.

3.7.USING A MATRIX TO DEFINE ARBITRARY PAIRW ISE SPATIAL DISTANCES

Pairwise spatial distances between individuals @pufations are normally computed as Euclidian dista

using the spatial coordinates or from latitudes bndjitudes. However, you can also specify eachwise

distance in an arbitrary way using a matrix. Thas ®e useful in three cases: 1°) If you wish tos@er non
Euclidian spatial distances, such as distances oiosely related to the probability of gene movetadretween
locations. 2°) If you are not interested in spatiestances but in some other kind of pairwise dista (e.g. a
morphological distance between individuals or papahs) that you wish to correlate with genetidatise. 3°)
If you wish to compute average statistics for paitir pairwise comparisons between individualsgyations
(for this purpose, you can define “distance” intdsvand pairwise “distances” using integers).

The matrix of pairwise distances can be put atethe of the data file (just after the word “END” essection
3.2.), or at the beginning of another text fileeTlse of such matrix and its location are specifidde running
the program (see 84.2.5. and 4.2.9.). The matnixlsa written in two formats: a matrix format or @uwmn
format.

Matrix format :

This is a square matrix. The first line must begith the letterM, followed by a number representing the matrix
size (# of lines and columns). Then, individual pmpulation names corresponding to each column rest
written (separated by tab). Each of the next libhegin by the corresponding individual or populativeime
followed by the pairwise distances attributed. T line must contain the word “END”. Example:

/I This is an example of a pairwise distance matriittem in matrix format with 5 rows and columns
M5 popl pop2 pop3 popd pop5S
0

pop1l 103 12 6 0
pop2 103 O 65 18 98
pop3 12 65 0 34 54
pop4d 6 18 34 0 15
pop5 0 98 54 15 0
END

Column format:

In column format, each line corresponds to a paewiomparison. The first line must begin with thielr C,
followed by the number of lines (# of pairwise distes defined). Each of the next lines begins byttio
individual or population names, separated by a fallgwed by the pairwise distance attributed. Tast line
must contain the word “END”. Example (the followimgatrix contains the same information as the orevab
except that self comparisons are left undefined):

/I This is an example of a pairwise distance matriitem in column format with 15 pairwise distancedided
Ci15

popl pop2 10.3
popl pop3 12
popl pop4d 6
popl pop5 O
pop2 pop3 65
pop2 popd 18
pop2 pop5 98
pop3 popd 34
pop3 pop5 54
pop4d pop5 15
END

Notes



1°) For both matrix and column formats, theder of individuals / populations isnimportant (i.e. does not
need to follow that of the data file).

2°) Self-comparisonsarenot taken into account

3°) The names must matchexactly those of thelata file (case also matters!). This is straightforward for
analyses at the individual level. However, for gaab at population level, population names varytfAne
population = onecategorical group its name is that of the category. B) If one patioh = onespatial
group, its name is that of the first individual of thegasial group in the data file. C) If one populatiorone
spatio-categorical group its name is written by joining the name of thestfindividual of the spatial group
(as found in the data file) with the name of theegary, the two being separated by the character ‘-

In order to create a template of the arbitrary matith the correct individual / population namdéscan be
convenient to run the program a first time withdefining a pairwise distance matrix but asking tatev
pairwise distances and statistics in matrix or soiformats (see 84.2.5. and 4.2.7.).

4°) Each pairwise comparison does not need to feedk so that a matrix that does not containradividuals /
populations, or a matrix incompletely filled, ateamaccepted.

5°) Symmetrical comparisons (e.g. i-j and j-i) cem contain different distances (but one can beefindd).

3.8.DEFINING GENETIC DISTANCES BETWEEN ALLELES

When a statistic based on the genetic distancesebatalleles is request (eMst, N;), the program asks to
specify the file containing thdistance matrix between allelesThe latter can be put at the end of the data file
or in another file, and must be a symmetrical sgumatrix with the following format:

First line: name of the locus followed by the allele namesr{bers)

Next lines allele name followed by the genetic distance leetwalleles

Example:

/[ This is an example of a distance matrix betweeaied|for a locus called “Hapl”
Hapl 15 26 18

1 4
2

3

4

15
26

7

18
END
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Notes

1°) Locus namesmust match exactly those of the data fdage matters$.

2°) Theorder of alleles must be the same along rows and columns

3°) Each allele found in the data file must ocecuthie matrix but the latter can contain additicaldles.
3°) Self-comparisonsarenot taken into account

4°) The distance between each allelic pair mustdimed but it can be so only one time in the mdire. a half
matrix is also accepted).



3.9.DEFINING REFERENCE ALLELE FREQUENCIES FOR RELATEDNESS COEFFICIENTS

Most statistics available for analyses at the iitlial level (coefficients of kinship, relationship) provide
measures of genetic similarity between individudlat arerelative to a sample of individuals (usually all
individuals in the data set), which defines treference allele frequencies” However, specific reference allele
frequenciegan be given in a distinct file(see option § 4.3.3. - 6bis) with the followingrfat:

First line: for consecutive loci, name of each locus follovilgdthe total number of alleles
Next lines(one per allele): for consecutive loci, allele mafollowed by the allele frequency
Example:

/I This is an example of a matrix with reference ellfeéquencies for 3 loci called “Locl”, “Loc2”, “lo3".
Locl 5 Loc2 8 Loc3 3

1 0.3 120 0.01 2 0.67
2 0.1 122 0.04 43 0.32
3 0.05 124 0.35 3 0.01
4 0.15 130 0.13
15 0.4 132 0.10

140 0.05

142 0.07

144 0.25
Notes

1°) These allele frequencies must be disdinct file (the default name is “freq.txt"), not in the déita.
2°) Locus namesmnust match exactly those of the data fdade matter3.

3°) All loci in the data file must occur but additial loci may also occur (they will not be read).

4°) The order of alleles is unimportant.

5°) All alleles found in the data filemust occur and be givennan-null frequency. Other alleles can also be
present.

6°) The sum of allele frequencies at each locug imei®ne (sum between 0.999 and 1.001 accepted).

3.10.PRESENT DATA SIZE LIMITATIONS

max. 100000 individuals

max. 10000 loci

max. 999 alleles per locus (i.e. max 3 digits plele

max. 30 characters for the individual, category meds names

max. 20000 random permutations

max. ploidy = 8 (octoploid) (note that all analys#spolyploids assume polysomic inheritance)
max. 100 distance intervals

max. length of any line in the data file: 10000@meitters

Please contact us if these limitations are a pmlfter you, we may be able to send you a recompikadion
with other specifications.



4. RUNNING THE PROGRAM

The program is written in C language. It has nayarindowing features.

4.1.LAUNCHING THE PROGRAM

Launch the program by double-clicking on its icanl &ype the name of the data file (which shoulideef the
same folder as the program file, otherwise you nyys its full path) or drag the icon of the data fnto the
SPAGeDiwindows (the data file can then reside anywherktar result file will be written in the directoof
the data file). (This is also the procedure todwliif you need to import a data file.) For Windowersion, you
can also directly drag the data file on ®BAGeDiprogram icon or a shortcut to it. The program cio he
launched using aommand line or via another application, which can be usefuatalyse numerous data sets
obtained for instance by simulations. A commang tlilat contains the keystrokes used to run an sisatgn be
associated to automatize the runs (e.g. “spagedhnds.txt” where cmds.txt is the file with the kepkes
commands). On Unix-derived systems, the prograa”’‘tan be used to record keystrokes for playbatg |
(e.g. “tee cmds.txt | spagedi” to record and “spagecmds.txt” to repeat).

Error messagesare given when files cannot be opened, data difesnot well formatted or contain inconsistent
information. These messages are not yet optimayandnay have difficulties finding out what is wigpim your
data file (suggestions to improve this are welconvghen launchingSPAGeD; an error file “error.txt’ is
opened (and its previous content erased) and comenmrs made when preparing data files are listed.
Additional information is added in this file whereva problem occurSPAGeDichecks that the number of
individuals and the number of categories foundtleeone specified in the data file, but there i€heck for the
number of loci (analyses considering only the fiost listed can thus be done by adjusting the nemdj loci
given in line containing the format numbers).

4.2 .SPECIFYING THE DATA / RESULTS FILES

Once the program is launched, you are requestedty the name of the data file (unless you dragigediata
file icon on the program) and the name of the tedilé.

If you just preslRETURNto these questions, the default names “in.txt"/@ntbut.txt” will be considered as
data and results files, respectively (this can seful if you wish to carry out many different aredg on the
same data set without having to enter the file raeaeh time).

You can alsamport data from a file in FSTAT (Goudet 1995) or GENEPOP (Raywt and Rousset 1995)
format. Therefore, presSPACEand therRETURNwhen asked to enter the data file name, and siledbrmat
of the data file (FSTAT or GENEPOP). A new data fih SPAGeDiformat will then be created, but it will not
contain spatial information, so that you need td #ieem (as spatial coordinates per individual oa &satrix of
pairwise distances), unless you don not need $gatdyses.

If a file with the same name as the results fileady exists in the folder, the program will aslyaiu wish to:
erase the existing file first (ente’), add results to the end of this file (entat 6r simply presRETURN, or
change the name of the ouput file (enter the nemena

Once the data and result files are specified, thgrpm first displays the basic information frone thata file on
the screen and waits for user to hit RETURNkey. The first set of information displayed is: thember of
individuals, the number of categories and their @snthe number of spatial coordinates and theiresaitine
number of loci and their names, the number of gligiged to specify alleles, the specified ploidyhef data, and
the number of individuals of each ploidy. At thtage, if some individuals have missing genotypealdoci, a
warning message is addressédt(the analysis can go on anywgy and if different loci suggest different
ploidy levels within some individuals, a warning seage is addressed and the data file must be mddifie
program stops here). The second set of informatisplayed is the groups recognised (categoricaltiapand
spatio-categorical ones) with the minimal and matinumbers of individuals per group.

4.3.SELECTING THE APPROPRIATE OPTIONS

You define the analyses to carry out and the resaltvrite down by selecting options in 4 successgianels: 1°)
Level of analyse2°) Statistics 3°) Computational options4®) Output optionsSome of the options will not be
available depending on the structure of the datau dn come back to the beginning at differentestafyyou
made an error of selection.



4.3.1. Level of analyses: individuaVs population

Analyses are carried out at the individual levelpopulation level. When both categorical and spafiaups
occur, you have also the choice among three diffeneays to define populations: as categorical, iahabr

spatio-categorical groups. If there are no categbrior spatial groups in the data set, analysesestricted to
the individual level.

4.3.2. Statistics

You must select the statistics to be computed (yan select several simultaneously). These statistie
computed for each pair of individuals or populasi@nd the average values per distance intervaklisag/the
regression statistics are given in the results filere details about those statistics are giveg @l and 6.2.

For analyses at thiadividual level with codominanimarkers, 12 statistics for pairwise comparisoris/een
individuals are available:

1°) A kinship coefficient estimated according tiN&son (described in Loiseléd al. 1995).

2°) A kinship coefficient estimated according tal&id (1996).

3°) A relationship coefficient computed as Moran&atistic (Hardy and Vekemans 1999).

4°) A relationship coefficient estimated accordingQueller and Goodnight (1989).

5°) A relationship coefficient estimated accordind-ynch and Ritland (19995 coef).

6°) A relationship coefficient estimated accordiongNVang (2002)r(coef).

7°) A relationship coefficient estimated accordiad.i et al. (1993).

8°) A fraternity coefficient (4-genes coefficiem3timated according to Lynch and Ritland (1999¢def).

9°) A fraternity coefficient (4-genes coefficie®3timated according to Wang (2002)doef).

10°) A;: a distance measure described in Rousset (2089p(te called by Rousset).

11°) R: a kinship coefficient analogue based on alletesifor microsatellites) (I’ in Streiff et al. 189

12°)Nj;: a kinship coefficient analogue based on distabetween alleles (OJ Hardy, unpublished).

Note: statistic 10° can not be computed for haptiith, and statistics 4°, 5°, 6°, 7°, 8° and 9° maasently be
computed only for diploid data (5°, 6°, 8° and 3Scaassume a population with Hardy-Weinberg geriotyp
proportions).

For the kinship coefficients, intra-individual vakiare also computed (as kinship between genescayiikin
individuals), providing estimates of an inbreedaugfficient.

For analyses at thadividual level with dominantmarkers in diploid¢see §3.2.2), 2 statistics are available:

1°) A kinship coefficient (Hardy 2003).
2°) A relationship coefficient (Hardy 2003).

For analyses at theopulation levelwith codominanimarkers, there are 9 choices for global and pagwi
statistics between populations:
Statistics based on allele identity / non-identity

1°) Global F-statistics and pairwisgr (Weir & Cockerham 1984)

2°) Global F-statistics and pairwise Rho (Streifak 1998)

3°) Global G and pairwisésst (Pons & Petit 1996)

4°) Global Gt and pairwise Gij (Barbujani 1987)

5°) Global F-statistics and pairwise Ds (Nei’s staml genetic distance, Nei 1978)
Statistics based on allele size for microsatellites

6°) Global R-statistics and pairwiger (

7°) Global R-statistics and pairwise dm2 (Goldste({dL)? distance, Goldstein and Pollock 1997)
Statistics based on distances between alleles

8°) GlobalNst and pairwiséNst (Pons & Petit 1996)

9°) GlobalNst and pairwiseN; (OJ Hardy, unpublished)



When a statistic based on distance between allelasked, the program will ask to specify the fitetaining
the matrix of distances between alleles.

4.3.3._ Computational options

Once the statistics are chosen, you can select @umiidferent options regarding computations (seveglons
can be selected simultaneously):

1°) Use a matrix to define pairwise spatial distances.

This option allows to define pairwise spatial distas between individuals / populations in an aabjtway
(otherwise, Euclidian distances are computed froengpatial coordinates given in the data file). réfae,
you must enter the name of the file containingriarix (if the matrix follows the genotype inforrat in
the data file, just pred®eturn. Details of the format of the matrix are givergi3.6.

2°) Make partial regression analyses (i.e. over restricted distance range).

This option allows to define a distance range witlrhich the spatial regression is computed, a lsgfion
for gene dispersal parameter estimations (§ @f3h)is option is not selected, the regressionscareied out
using all pairwise comparisons, except those wittlistance of zero for the regressions on In(distanc
Otherwise, minimal and maximal distances defining tange must be given. Entering no values (i&. ju
pressinfRETURN means that the minimal or maximal distance ishmatnded.

3°) Make permutation tests.

This option allows to test the significance of diffint statistics by random permutations of genes,
individuals, locations, or allele sizes. More dista § 4.3.5.

4°) Jackknife over loci.

With this option, mean jackknifed estimators antkfanife standard errors (SE) are computed for hogtis
average statistics. They can be used to deriveoappate confidence intervals using the mear2SE.
Jackknifying necessitates at least 2 polymorphig, lout many polymorphic loci estimates are neagssa
obtain reliable SE. Because SE are approximatg,sheuld not be used for formal tests.

5°) Restrict pairwise comparisons within or among (selected) categories.

If the data are organised in categorical groupsaadyses are carried out at the level of indivisloa
populations defined as spatio-categorical groupg,oan select the type of pairwise comparisonsvfich
the pairwise statistics are to be computed:

1°) All pairs (i.e. irrespective of categorical gps) = default option

2°) Only pairs within categories

3°) Only pairs among categories

4°) Only pairs within a specified category

5°) Only pairs between two specified categories
When 4° or 5° is selected, the name(s) of the caig€igs) is(are) to be given.
When 2° or 4° is selected and analyses are capuéat the individual level, you must select betwéso
reference allele frequencies to compute the sttitdee § 6.1.1. for explanations):

1°) whole sample (i.e. pairwise coefficients arepated relative to the whole sample)

2°) sample within category (i.e. pairwise coeffiti® are computed relative to the sample to whieh th
pair of individuals belongs)

6°) Pairwise Fst (or Rst, or Rho) provided as Fst/(1-Fst) ratio.

When this option is selected, pairwise differemiatoetween population will be estimated uskg/(1-Fsy)
ratios. This is useful to analyse isolation-by-aligte patterns becauBg/(1-Fsy) is expected to vary linearly
with the distance or its logarithm. See §6.3.

6bis®) Define reference allele frequencies to compute relatedness coefficients.

When this option is selected, pairwise relatedrmessficients will be computed relative to refereratkele
frequencies given in a separate file (see 83.9therformat).SPAGeDiwill ask the name of this file. This
option cannot be applied for the statistics devetbfor dominant markers in diploids, the relatidpsh
coefficient computed as a Morar’statistic, and Rousset’s (20G®oefficient.



4.3.4. Output options
A second set of options concerns the informatimegin the results file:

1°) Report allele frequencies for each population / category (otherwise only averages reported).

In the results file, global allele frequencies ayahe diversities are reported. Activating this @ptmeans
that this information will also be given for eachpulation (or for each categorical group in theeca$
analyses at the individual level including categsyi

2°) Report all stat of regression analyses (otherwise only slopes reported).

When this option is activated, the following statis of the regressions of pairwise statistics patisl
distances are provided: slope, intercept, detetioimacoefficient, number of pairs, mean and var@awo¢
values of (log) distance and statistics.

3°) Report matrices with pairwise spatial distances and genetic coefficients.

With this option, pairwise spatial distances anulvgige statistics are given at the end of the tedile. You
must also specify whether the pairwise statisties ta be given for each locus or only the multilecu
estimates, and whether pairwise values are to ieEemionly in columnar form or also in matrix forrdou
can also select Phylip format which gives a squaa&ix of genetic distances that can be copiedctjr¢o a
text file for further analyses (there is no tabiméhtions). Note that in Phylip format, negativengtic
distances are given the value —0.0000 Estimatéiseoibreeding coefficient for each individual green in
the columnar format if you asked to compute a kmstoefficient between individuals (the inbreeding
coefficients given are computed as kinship coedficbetween homologous genes within individual).

4°) Convert data file into GENEPOP or FSTAT format.

This option allows to create a data file that carubed by the software FSTAT (Goudet 1995) or GEDIEP
(Raymond and Rousset 1995), and it is availablg evith diploid data. If analyses were asked at the
population level, the GENEPOP or FSTAT file codastadior the same populations as selected. For sewmly
selected at the individual level, the FSTAT filadeodata as a single population, whereas the GENEROP
code data as if each individual constituted a siqgipulation (this is the necessary format to usesRet’s
pairwise distance between individuals in GENEPOP).

5°) Estimate gene dispersal sigma.
For analyses at the individual level, this opti@m ®e used to estimate the gene dispersal dispamaeneter
sigma from the regression of pairwise kinship deaffits (or Rousset distance) on the logarithmhef t
distance (Rousset 2000; Hardy et al. 2006pu must assume that genotypes come from a two-
dimensional population at drift-dispersal equilibrium so that theoretical expectations of isolation-by-
distance models hold (§ 6.3.). You will be askeeénter the effective population density. Be coesistvith
units: the density must be given in number of ifdlials per square distance unit where the lattdreissame
as the one used for spatial coordinates or fosfatial distance matrix. You must also erXatefining the
distance range (sigma to X.sigma) over which regjoesis applied X should be between 10 and 50, the
default value=20)SPAGeDiwill then apply an iterative procedure to estimtte sigma from the genetic
structure on the restricted distance range (se®.} @he iterative procedure might not convergejdating
that the data are not powerful enough to get ridiabtimates (see § 6.3. for additional advices).

6°) Report actual variance of pairwise genetic coefficients (Ritland 2000).

With this option activated, the actual variance.(iexcluding sampling variance) of pairwise statsis

given for each distance class following the apphadescribed in Ritland (2000), which requires inslegent
loci (at least two). An estimate of the standambreby jackknifing over loci is also given with least 3 loci.

This variance is useful to compute marker basdthages of the heritabilityhf) or population differentiation
(Qst) at quantitative traits (Ritland 1996, 2000).

4.3.5. Permutation tests

If permutation tests are selected, you have twe aieddditional options (you can select severahat):
Firstly (only if statistics based on allele sized@stance between alleles have been selected),

1°) Test of genetic structuring (permuting genes, individuals and/or locations)
To test individual inbreeding, population differiation, and/or spatial structure.

2°) Test of mutation effect on genetic structure (permuting alleles)



To test if the allele size (microsatellites) or fifeylogenetic distance between alleles is informeatith
respect to genetic structuring.

3°) Test of mutation effect on genetic differentiation for each pair of populations
To test, for each pair of populations, if the &lsize or the phylogenetic distance between allisles
informative with respect to differentiation.

Secondly,

1°) Report only P-values (otherwise details of permutation tests are reported)
If this option is selected, only P-values for 2esidests are reported. Otherwise, the followingitieire
given: object permuted, # permutations, # of défeérvalues of the statistic after permutation, olese
values before permutation, mean values after peiont standard errors of mean values after
permutation, 95% confidence intervals, P-values-and 2-sided tests.

2°) Define # of permutationsfor each randomised unit (otherwise same #)
Allows defining a high number of permutations fbe tstatistics that most interest you, and no or few
permutations for the ones that are not of intefi@syou or that would take a lot of computation¢im

3°) Initialise random number generator (otherwise initialisation on clock)
Define initial seed for random number generatoheowise the latter is defined according to the
computer’s internal clock (this option is usefut ebugging).

You must then enter the number(s) of permutatioms wish. On large data sets, resampling can be time
consuming; hence there is a compromise between utaign time and precision of the probabiliB-galues).

It is advisable to enter at led29 if you are satisfied with a 5% significance lev@9 for a 1% level9999for

a 0.1% level. Enter0" if you do not need tests.

4.4 .INFORMATION DISPLAYED DURING COMPUTATIONS

Once the program proceeds to the calculationsjsplalys the computational stage: computation ofleall
frequencies, of distance intervals, of pairwiseistias, permutation tests. When the computatioadiaished, a
message will appear on the screen and pressingegnwill close the window. You can proceed to exaetion
of the results file. If the program crashed, do foogiet to open the filegfror.txt ", because this may give you
some information on the origin of the problem.

Detalils relative to distance intervals are disptagace computed and computations proceed.

Each interval (class) is characterised by
1°Ymaxd its maximal distance (the minimal distance isrfeximal distance of the preceding interval)
2°)mean d the average distance between individuals / pojpuls: for the pairs belonging to the interval
3°)mean In(d) idem but using the In(distance) between indivisld@opulations
4°) # pairs the number of pairwise comparisons belongindnéoitterval
5°) % partic  the proportion (%) of all individuals / populat®represented at least once in the interval
6°) CV partic the coefficient of variation of the number of &@meach individual / population is represented

Notes:

1°) If analyses are restricted to pairwise compasswithin or among (specified) category(ies), ittfermation
per distance intervals considers only pairs satigfthese conditions.

2°) Information on distance intervals can be uséfulfine-tuning them. For example, l0% partic and/or high
CV particmeans that the statistics computed for the cooradipg interval involve data from only a fraction
of the individuals / populationsdence, as aule of thumb, we advise that for each distance inter%al:
partic > 50%, andCV partic <= 1. Foranalyses at the individual levelve also advise that pairs> 100,
given the large standard errors typically obserfagchairwise coefficients between individuals (withany
loci or highly polymorphic loci this number coul@ beduced).



5. INTERPRET THE RESULTS FILE

All the results are found in a single results filde results file can be read as a text file big kiest to open it
with a worksheet program (e.g. Excel), tabs beisgduto delimit columns. The results appear in tliewing
order.

5.1.BASIC INFORMATION

First, the basic information as it appeared onsitreen when running the program is written: nanfielata and
results files, numbers of individuals, categorispatial coordinates and loci, names of categosestial
coordinates and loci, ploidy, numbers of individuédr each ploidy level, number of categorical, tispand
spatio-categorical groups (see § 4.2.).

5.2.ALLELE FREQUENCY ANALYSIS

Second, for each locus are written: the number ikimg genotypeg# missing genotypgsthe number of
incomplete genotypé$ incomplete genotypgsthe total number of defined gends ¢f defined gengsthe
number of alleles with non zero frequengyallele9, the gene diversity corrected for sample skze)(the name
(or size) of each alleleallele namesor allele siz¢ (i.e. the number given in the data file), and Hikle
frequencies dllele frequencies When a statistic based on allele size (e.g.aRssics) has been selected, the
mean Mean allele sizeand variance\(ariance of allele si2eof allele sizes are also given. This informatisn
given for the whole sample and, if asked when sielgthe options, for each population (analysip@tulation
level) or each category (analysis at individuaklgv

If relatedness coefficients were computed usingifipd reference allele frequencies (individualdeanalyses),
the latter will be written.

5.3.TYPE OF ANALYSES

After the allele frequencies information, it is sied whether the analyses are carried out aint&idual or
population level, if pairwise comparisons are fiestd to pairs within or among category(ies), dod,analyses
at the individual level, if statistics are computatbasis of the global (whole sample) or localtifim category)
allele frequencies (for comparisons within (a) gatg) or relative to given reference allele freqgien.

5.4.DISTANCE INTERVALS
Next, for each distance interval corresponding ¢tolamn are written:

- Dist classesthe names of the distance classes (1, 2,...)

- Max distancethe maximum distance defining the interval: dis&interval ¢ = Max dist(c-1), Max dist(c) ]

- Number of pairsthe number of pairs of individuals separatedhgydiven distance interval

- % partic. the percentage of individuals participating afsteonce in a pairwise comparison within the irdaérv

- CV partic the coefficient of variation (i.e. the ratio ¢t standard deviation over the average) of the eumb
times each individual participate in pairwise conmgxans within the interval

- Mean distancethe average distance separating pairs of indalgwithin the interval

- Mean In(distance)the average natural logarithm of the distanceassing pairs of individuals within the
interval

Note: For analyses at the individual level, itra individual class is added for comparison of genes within
individual (only defined for kinship statistics wheloidy is larger than one), and this class attual
corresponds to an inbreeding coefficient. Whenviiddials consist of groups, the distance class “1”
corresponds totra groupcomparisons.



5.5.COMPUTED STATISTICS
For each selected statistic, the following resaittsgiven for the multilocus estimate and eachdocu

- in columns labelledrr, Fis, Fst or R, Ris, Rst or Gst or Nsr (for analyses at population level only): the glloba
statistics. When analyses are restricted to commasi within a given category or between two given
categories, global statistics are computed corisigeonly the populations included in the concerned
category(ies).

in columns corresponding to each distance ckagsaverage value of the pairwise coefficientsygoted over
all pairs of individuals or populations within tldéstance interval (all pairs of genes within indivals in the
case of theittra individual’ class, for analyses at the individual level).

under the columndveragé: the average value of the coefficients computeer @il pairs of individuals or
populations, whatever the distance (for analysesdatidual level, it includesntra group class but nointra
individual class).

under tistance range for regression analysethe distance range used to compute regressiopsinfise
statistics on spatial distance or In(distance).

The next columns report the results of the regoessinalyses, first with the linear distance, thdthwhe
In(distance). If the optionReport details of regression analyséms not been selected (see §4.2.5), only the
slopes B-lin andb-log) are given; otherwise the following statistics ezported for each regression analysis:

- the slopeb

- the intercepa

- the coefficient of determinatia (i.e. squared correlation coefficient)
- the number of pairwise comparisdigtaking account of missing data)
- the meanNld) and variance(d) of pairwise distances or In(distances)
- the meanNlv) and variance\(V) of pairwise statistics

If the optionJackknifing over loci has been selected (see 84.2.5), results of andelrocedure deleting each
locus at a time are given on the two lines follogvime information of the last locus: the first ligeves the
jackknifed estimates, the second one gives thaimdstrd errors. Calculations follow Sokal and Rqh§95,
p.821).

If the optionReport actual variance of pairwise genetic coefficients has been selected (see §4.3.4), estimations
of the actual variance of pairwise genetic coedfits within each distance interval is provideddeihg the
method of Ritland (2000).

If the optionEstimate gene dispersal sigma has been selected (see §4.3.4), estimates oktgehourhood size
(Nb) and sigma (the square root of half the meamisy parent-offspring distance) are given (see §&.3
technical notes). If the iterative procedure usedgét these estimates did not converge, the message
convergence” appears. If successive estimatesctyeteong a set of values, the average and the ngdues
obtained over a cycle are given. When the oplamkknifing over loci was also selected, the iterative procedure
is repeated again after removing one locus at @, tand standard errors on estimates are given.

Notes:

1°) For analyses at the individual leviie intra individual kinship coefficient is an inbreeding coefficient
expressing the departure from Hardy-Weinberg genotgic proportions (cf. Fis). When individuals
consist of spatial groups corresponding to diffeygopulations, this is equivalent & (not Fs). Kinship
statistics for theintra group class provides an estimator similar Fgr if groups correspond to different
populations.

2°) For analyses at the individual level, the skpé the regressions do not include the pairs dividuals
within spatial groupsiiitra group class). As slopes do not depend on an arbitraojcehof distance, they
offer a convenient measure of the degree of spgéiaktic structuring. Moreover, under some conaiijo
these slopes can be related to population genatangeters like neighbourhood size (see §6.3.).



5.6.PERMUTATION TESTS

If permutation tests are selected as option (se2.34 results of these tests are written after ghewise
coefficients. These tests are based on the compadfthe observed values with the correspondiaguency
distributions when random permutations of the @aéaperformed. For each locus and the multiloctimages,
tests are given for global statistics (populatiewel analyses), each distance class, and the slofpése
regressions analyses.

The following information is reported (unless thgtion “Report only P-valuéshas not been selected - see
84.3.5 — in which case only P-values for the twdeditests are given):

- the object (genes, individuals or location) petedu(and how): Object permuted
- the number of valid permutations (i.e. for whtble statistic was computable): N valid permut
- the number of different values obtained for tiféecent permutations: N different permut val
- the observed value (i.e. before permutation): Obs val

- the average value after permutation: Mean permut val
- the standard error of the distribution of valaéier permutation: SD permut val
- the lower 95% confidence interval value: 95%Cl-inf

- the upper 95% confidence interval value: 95%Cl-sup

- the P-value for the 1-sided test observed valpersuted value: P(1-sided test, H1: obs<exp)
- the P-value for the 1-sided test observed valpermuted value: P(1-sided test, H1: obs>exp)

- the P-value for the 2-sided test observed vaiffierdnt from permuted valu€(2-sided test, H1: obs!=exp)

The followingcodeis used to designate the object permuted and hisvpermuted Qbjected permuted

Gal permutation of €nes anong all_hdividuals

GalwC permutation of €nes among_hdividuals_within Category

GalwP permutation of éhes anong_hdividuals wthin Population

laSG permutation ofnidividuals_anong_$atial Goups

laSGwC permutation ohdividuals_anong_$atial Goups_wthin Category

laP permutation ofridividuals_anong all_Ppulations

laPwC permutation ofnidividuals_anong_Ppulations vithin Category

ILal permutation of hdividual Locations anong all_hdividuals

ILalwC permutation ofridividual Locations enong_hdividuals_vithin Category
SGLaSG permutation ofp@tial Goup Locations enong all_$atial Goups
SGLaSGwC permutation ofp&tial Goup Locations emong_$atial Goups_wthin Category
PLaP permutation ofdpulation_Locations anong all_ ®pulations

PLaPwC permutation ofdpulation_Locations anong_Ppulation_wvithin Category
ASaAwL permutation of Aele Szes anong Aleles within Locus

RCoDMbA permutation of Bws and ®lumns_d Distance Mitrices letween Aleles

When permutation of an object is doméhin category it means that the permuted objects remain inr thei
original categorical group after permutation. Tlisdone when pairwise comparisons are restricteditiain
category(ies) (see §4.2.3.).

As the preceding code shows, titgect permuted varies:

- Genesare permuted among individuals, each locus inddgmtty, for tests orFs, Fir, Rs, Rt andintra
individual coefficients. Missing data are not permuted fi@mutation concerns only defined genes). Fer
andRs, genes are permuted only within population.

- Individuals (i.e. whole genotypes) are permuted among populstor spatial groups for tests on globat,
Rst, Rho,Gst, Nst andintra groupcoefficients.

- Individual Locationgfor analyses at the individual level without $pbgroups),_Spatial Group Locatio(fer
analyses at the individual level with spatial gre)ypr_Population Locationgor analyses at the population
level) are permuted among the available locationgdsts on each distance class (exceptritna individual
andintra group ones), and tests on the regression slopes. Tkiguivalent to a Mantel test between a matrix
of genetic distances and a matrix of geographimdces.




- Allele Sizesrepresented within each locus are permuted amdieficastates to test if allele sizes are
informative (assuming stepwise mutations) on glddatatistics Rs, R, Rst), pairwiseRst (and regression
slope), or the correlation coefficient betweenlalgzes (Streiff et al. 1998) for individual lewashalyses (cf.
Hardy et al. 2003).

- Rows and Columns of Distances Matrices betwedglédare permute to test if the genetic distances batwe
alleles are informative on global or pairwiNgr (and regression slope) (cf. Pons & Petit 1996;bBaret al.
1999).

Notes

1°) Tests based on individual permutations indicateether population or spatial groups are gendyical
differentiated, whereas tests based on locatiompiations indicate whether the degree of diffeegith or
relatedness between individuals, spatial grougmpulations depends on the geographical distance.

2°) When using aarbitrary matrix to definepairwise distances(83.6.), location permutations correspond to
permutations of the rows and columns of this mgaiin a Mantel test).

3°) For tests based on individual or location peations, the presence of missing data is not takenaccount,
i.e. even if there is no genes defined at someftaca given individual (location), this individuélbcation)
will be permuted with the other ones. Hence, thestscan bebiasedfor loci with a significant proportion
of missing data In such case, it might be preferable to maketekts on each locus separately using single
locus data files in which missing data are removed.

4°) When analyses are restrictedctmmparisons among categorie¢see 84.2.3.), care must be taken in the
interpretation of the testsbased on location permutations (i.e. tests onyisgr coefficients and regression
slopes). It can be tempting to interpret thesestastindicating whether the spatial structuresiwigach
category have developed independently or not, secdwgene flow occurs or had occurred recently regno
categories, one would indeed expect a spatial latioe between the patterns of genetic variatiorthef
different categories. However, these teststaased for such purpose because they are based on random
permutations that not only make the spatial stmestwof the different categories independent frome on
another, but also break down the structure wittdchecategory (ideally the level of structuring with
category should be kept intact). Therefore, a esy be significant because the patterns of spgéaktic
variation within category match for different cabeigs just by chance, whereas these structuredapmace
truly independently. Nevertheless, a test of théependence of the spatial structures of the diftere
categories can be done if different independerit(ice. in linkage phase equilibrium within categpare
available, using conventional non parametric meshedy. sign tests) on the regression slopes paslo

5.7.MATRICES OF PAIRWISE DISTANCES AND STATISTICS

When asked as option (see §4.2.5), matrices ofvjszargeographical distances between individualspaivise
coefficients (for the multilocus estimates, optitydor every locus) are provided in two possiblerrhats
(defined as options, see 8§4.2.7): as square matfiicees correspond to one individual / populatioolumn to
another), or in columns (first and second individugpopulations are figured in two columns, spatiatances,
multilocus estimates and/or per locus estimategi@en in the next columns). You can also selegfiptiormat
which gives a square matrix of genetic distances ¢an be copied directly to a text file for funttanalyses
(there is no tab delimitations). Note that in Ppfirmat, negative genetic distances are givewahg —0.0000.
Estimates of the inbreeding coefficient for eactividual are given in the columnar format if yolked to
compute a kinship coefficient between individudlate that the value reported for the geographicsthdce
between individuals belonging to the same spat@lig is —1.



6. TECHNICAL NOTES

6.1.STATISTICS FOR INDIVIDUAL LEVEL ANALYSES

Analyses at the individual level are carried outbynputing measures of genetic relatedness or igatistance
between individuals for each possible pair (unktated differently, see 84.3.3). These pairwisdfioients are
computed for each locus and a multilocus weightedtae. They are regressed on pairwise spatiantiss and
they are averaged to compute mean values per distaterval. Hence, a multilocus estimate for dadise
interval is computed by first averaging pairwisefficients over loci (weighted average), then agerg
multilocus pairwise coefficients over all pairslimed in the distance interval.

For codominant dat&§PAGeDiallows the user to compute five types of “relagshi coefficients between
individuals: “kinship”, “relationship” and “frateity” coefficients, plus a distance measure basedliahe
identity, and a kinship analogue based on allele. $stor some of these coefficients, several estiraatre
available, so that a total of 13 different statisttan be estimated. Comparisons of the statigtioglerties of
different estimators can be found in Lynch & Ritlaf1999), Van de Casteel et al. (2001), Wang (2002)
Vekemans & Hardy (2004). The fraternity coefficiént “4-genes” coefficient, in the sense thas ibaised on
the simultaneous comparison of all of the 4 homolmsggenes of two diploid individuals. The otherftioents
are “2-genes” coefficients, because they are utBipdased on comparisons between 2 homologousgEne
dominant dataSPAGeDiallows to compute two types of “relatedness” coedfhts between individuals:
“kinship” and “relationship” coefficients. There® unified terminology for these different coeiificts so that
we attempt to define them below.

Most statistics available are relative measuregeoktic similarity that depend on the definitioraafeference
sample or reference allele frequencies (see beBpécific reference allele frequencies can be ddfin a
distinct file (83.9, 84.3.3.) but they will not lbeken into account for the relationship estimatasdsl on Moran's
| statistic (86.1.2), Rousset'’s distance measurd (86 and statistics developed for dominant marker
diploids. Note that sampling bias corrections trat normally applied for some statistics (see bee not
applied when specific reference allele frequenaresdefined.

Synthetic table of the statistics proposed b$PAGeDi for individual level analyses and their properties

Coefficient Intra-indiv. Assumptions Statistical properttes

Estimator (ref) estimate Ploidy Inbreeding Accuracy Precision

(inbreeding) (low bias) (low variance)

Kinship

Loiselle et al. 1995 + 1to8 +++ ++

Ritland 1996 + 1to8 ++ +++

Hardy 2003 (fodominant marker) 2 F, to give ++ ++
Relationship

Hardy & Vekemans 1999 (Moran’s 1) 1to 8 +++ ++

Lynch & Ritland 1999 2 H-W +++ ++

Queller & Goodnight 1989 2 4+ ++

Wang 2002 2 H-wW +++ ++

Li et al. 1993 2 H-wW +++ +++

Hardy 2003 (fodominant marker) 2 F, to give ++ ++
Fraternity

Lynch & Ritland 1999 2 H-W ++ ++

Wang 2002 2 H-W +++ +++
Rousset’s &

Rousset 2000 2108 no selfing +++ +
Kinship analogue based on allele sizZg;

Streiff et al. 1998 + 1to8 +++ +
Kinship analogue based on allele distanced;

0J Hardy, unpublished + 1to8 +++ +

! Queller & Goodnight's estimator is defined for apipidy level butSPAGeDicomputes it only for diploids.

2 H-W means that the estimator was derived assumingyHakinberg proportions and may be biased undeeiting.
F, to givemeans that an independent estimate of the indibidbreeding coefficient must be provided.

% Statistical properties are based on literaturali®¢Lynch & Ritland 1999, Van de Casteel et 802, Wang
2002, Vekemans & Hardy 2004) and personal expegiefigese indications must be considered with cautio
because the actual ranking of the performanceseostatistics depend on the data set.



6.1.1. Kinship coefficient
Definition and interpretation

In a generic way, kinship coefficients, also calbeéncestry coefficients, are based on the prababfl identity
of alleles for two homologous genes sampled in spargcular way. In the case of a kinship coefiitibetween
two individuals, the two genes are randomly samplitiin each of the two individuals. F-statistio® also
kinship coefficients but for genes sampled in dédfa ways (see §6.2.).

A kinship coefficient (F) is often defined as theolpability of identity by descent of the genes cangg (e.g.
Ritland 1996) but estimators based on genetic msuketually estimate a “relative kinship”, that dendefined
as ratios of differences of probabilities of idéntin state (Rousset 2002; Vekemans & Hardy 2004us,
equating these kinship coefficients with probapitf identity by descent is not true in general (Bget 2002).
In the case of two individuals i and j, the kinsbipefficient between them can Hefined as Fij=(Qij-Qm)/(1-
Qm), where Qij is the probability of identity in stater random genes from i and j, and Qm is the ayera
probability of identity by state for genes comimprh random individuals from the sample (i.e. “refeze
population” = sample). As defined here, kinshipas really a population genetics parameter asgedds on an
arbitrary sample. Note also that with this defmmiti negative relative kinshipcoefficients naturally occur
between some individuals, it simply means thatdéha® less related than random individuals (a diefim
equating kinship and probability of identity by dest would not allow negative values).

Changing the reference population

In some contexts, one wishes to compare estimdtkmship coefficients with some expected values\as
from pedigree information. For example, in the cafssib families coming from non-inbred diploid pats, the
kinship between sibs is expected to be 0.125 fdf-ditss and 0.25 for full-sibs according to stardiar
computations (e.g. Lynch and Walsh 1998). Theseaateally the expected values of a kinship coedfiti
relative to the parental generation (i.e. wherei®for random genes from the parental generatidricinis here
the “reference population”). Thus, kinship is nelative to the same “reference population” when gatimg it
from a data set containing some sib-families (‘refiee population” = sample) and when consideringeeted
values from pedigree information (“reference popatd = ancestors of the genealogy, which are asslta be
“unrelated”). One can however switch between trdierent references if one can find pairs of indials in
the data set that are expected to be “unrelatedfiénsense of the putative pedigree (cf. Hardy R0B8r sib-
families, this would be the case of pairs of indials belonging to different families. Let F° be tkinship
between individuals from different sib families @mputed from the sample reference, you can thempuate
kinship coefficients relative to the pedigree refere, Fij’, as Fij'=(Fij-F°)/(1-F°). These Fij’ arexpected to be
0.125 or 0.25 in case of half and full sibs, resipety. When allele frequencies of a reference pajen (e.g.
the parental population) can be assessed precielglternative approach consists in estimatinghim (or
other relatedness) coefficients using specifieckeresfce allele frequencies corresponding to thisreete
population (see 83.9, §4.3.3). All alleles foundtlwe individuals being compared must then have mmdl
frequency $PAGeDitests this).

Estimators

For codominantarkers SPAGeDiproposes two estimators of kinship (coefficiermiative to the sample): 1°) a

kinship coefficient computed as a correlation deefht between allelic states proposed by J. Ndkoiselle et

al. 1995), 2°) a kinship coefficient estimated accogdio Ritland (1996).

1°) is computed aBj = Z; [ Z(Z¢iZ¢j(Xicia— Pra) Xigja— Pia)/ZciZeil) + Za(Pa(l —pa)/(n = 1)) 1 /225 (Pia(1 —pia)
where X, is an indicator variablexg, = 1 if the allele on chromosonteat locusl for individual i is a,
otherwisexi, = 0), p.a is the frequency of allele at locud in the reference sampla,is the number of genes
defined in the sample at locugthe number of individuals times the ploidy leweihus the number missing
alleles), and> stands for the sum over the homologous chromosarhésdividual i. Here, the term
involving (n, — 1) is a sampling bias correction. This estimatwuld be equivalent to the one computed by
John Nason'§ijAnal software, except that the bias correction migffedslightly.

Note that this formula is identical to:
Fij = 21 [ Za(Pila— Pia) (Pjla— Pra) + Za(Pia(1 —pia)/(m = 1)) ] /225 (Pa(1 —pia)
wherepy, is the frequency of allele at locud in individuali.

2°) is computed aBjj = X((ZaZiZj(XiciaXicia/ Pia) [ ZciZejl) — 1)/Z(my — 1)



wherem is the number of different alleles found in thenpde at locud. Note that the bias correction
consisting in removing the compared individuals wleemputingp,, as suggested by Ritland (1996), is not
applied.

The two estimators differ mainly by the way infotioa from the different alleles and different loare
combined to provide average estimates per locusudtiiocus estimates. Basically, Ritland's estimateights
allele contributions by pf,, giving more weight to rare alleles, and thisraatior usually shows lower sampling
variance, especially for unrelated individuals (¥etans & Hardy 2004). Hence it is more powerful ébedt
genetic structure. However, it suffers downwardsbés soon as one allele in the data set occursl@aw a
frequency (e.g. <5%). The estimator described iiselte et al. (1995) weights allele contribution fps(1 —pia)
and does not suffer particular bias in the presentaw frequency alleles.

For dominantmarkers,SPAGeDiproposes one estimator of kinship defined in H{&303). To compute this
estimator, the inbreeding coefficient must be giydre estimator is robust to moderate errors madehe
assumed inbreeding coefficient).

6.1.2. Relationship coefficient
Definition

Relationship coefficients can be defined as thepgmion of genes in one individual with alleles ridieal to
these of a reference individual (in several pagers. Queller and Goodnight 1989), the so calletatedness”
coefficient is what is here called “relationshigiefficient). As for kinship coefficients, relatidnip coefficients
depend on a reference population or on referenelke dtequencies that can be specified (excepéstimator 1°
based on Moran’$ statistic). Relationship coefficient is thhen Hamilton’s (1964) famous rule for altruistic
behaviourrb>c (b = fitness benefit¢ = fithess cost).

The expected value of the relationship coefficignt between twdk-ploid individuals (i and j) with inbreeding
coefficientF can be expressed in term of the kinship coeffic{ep): ry = Fyj k/(1+(k-1).F), reducing tay = 2F;
for two non-inbred diploids. However, contrary foetkinship coefficient, the relatedness coefficienhot
always symmetric (i.er; andr; have not necessarily the same expectations), riticpiar when comparing
individuals with different ploidy levels as in haptliploid organisms. Presenthl§PAGeDiconsiders only
symmetrical relatedness coefficients (for asymroetoefficients, see the prograRelatednes®y Goodnight
and Queller, at http://www.bioc.rice.edu/~kfg/G Saffinl).

One advantage of the relationship coefficient wimgestigating the genetic structure due to gene #iod drift,
is that, at constant gene flow parameters, it tsimituenced by the ploidy level or the selfingegtHardy and
Vekemans 1999). Hence, it is useful to compardathel of genetic structuring among ploidy levelsafdy and
Vekemans 2001).

Estimators
For codominantmarkers SPAGeDiproposes 5 estimators.

1°) A first estimator of the relationship coeffinieis computed as the correlation between indiicalizle
frequencies (e.g. for a diploid, frequencies c&e the following discrete values: 0, %, 1):

M = 2 [ Za(Pia— Pia)(Pja— Pia) + ZaVar(pua)/(n — 1) ] /5 ZVar(pia)

with Var(p;,), the variance of individual allele frequenciefieTtermZ Var(p;,)/(n — 1) is a sampling bias
correction.

Averaging this estimator over distance classes giean values of Moranlsstatistic computed in the way
proposed by Dewey and Heywood (1988) (Hardy andevWfelns 1999), except for the bias correction.

2°) A second estimator is defined in Queller anad@ught (1989):

rij = zIzazcixlcia(pjla - pla) /zlzazcixlcia(pila - pla)

SPAGebDiactually computes the averagg € r;)/2. Note that the estimator currently compute®AGeDi
does not exclude related individuals to calcufaiga bias correction suggested by Queller and Gainini
1989).

3°) Two additional estimators are defined in Lyrarid Ritland (1999) and Wang (2002), respectivelyese
estimators can only be computed for diploids withoobreeding (genotypes in Hardy-Weinberg



proportions). See these references for definitams statistical properties in regard to other egms. There
is a sampling bias correction in Wang (2002) estimavhich is not applied when reference allele
frequencies are given.

4°) A fifth estimator is derived from Li et al. (29) with a sample size correction by Wang (2002):

rij = Z[w(Sj-So)/(1-So))/ Ziwy

where § is the average proportion of alleles in i found and vice versa at locus |;{S 1 (for i =aa, j =
aaori=ab,j=ab), § =0.75 (fori =aa, j=ab), §; = 0.5 (fori =ab, j=ac), §; = 0 (fori =ab, j
= cd), wherea, b, ¢, d indicate alleles]
Soi = 2[N[(Zapia’) — 1V — 1)] - h(EPa) — 3Ni(Edpa’) — 1] - 1[0 - 1) - 2)]
or S = ZJ2p.° — -] When reference allele frequencies are given @mome size correction).
w is the empirically determined locus weight defirsesdthe inverse of the variance of single logus
estimates over all i-j pairs (Van de Casteel e2@01).

This estimator often shows a low variance (higtcigien) compared to other ones.

For dominantmarkers,SPAGeDiproposes one estimator defined in Hardy (2003)cdmpute this estimator,
the individual inbreeding coefficient must be giv@he estimator is robust to moderate errors mauéhe
assumed inbreeding coefficient).

6.1.3. Fraternity coefficient
Definition

The fraternity coefficients;, defined for two diploids (i and j), is a functiof the probability that the two genes
of i are identical by descent to each of the geig¢¢Lynch and Walsh 1998, Lynch and Ritland 199#nce it
depends on the states of all four genes. It caaxpeessed as a function of the kinship coefficidetsveen the
parents of andj: 4j = Fuyi m; Fiis+Fmi g Fim, Where the subscriptsi, mj andfi, fj refer to the mother and father
of i andj, respectively (Lynch and Walsh 1998). Hence, dtipess; coefficient means there is a double genetic
link between and;.

The use of both 2-genes and 4-genes coefficientbelp assessing the type of parentage relatiofisiipg

two individuals; for example, in a random matingplation,4; = 0, 0.25, 0, ané; = 0, 0.25, 0, for and;

being parent-offspring, full sibs, or half sibsspectively (when parents constitute the “refergrmgulation”).
Estimators

Two estimators available are described in LynchRitidnd (1999) and Wang (2002). These estimatans ¢
only be computed for diploids without inbreedingiigtypes in Hardy-Weinberg proportions). Practicaliey
perform well only with highly polymorphic loci (Witat least 4 or 5 alleles). There is a sampling barection

in Wang (2002) estimator which is not applied wheference allele frequencies are given.

6.1.4. Kinship type coefficient based on allele SR;

For microsatellite loci undergoing stepwise mutasgiodifference of allele sizes (not just the afieldentityvs
non-identity information) contain information onatescence time (Slatkin 1995). This informatiotaisen into
account in thdy; coefficient, computed as an average correlati@ffimient between allele sizes for homologous
genes from two individuals (Streiff et al. 1998ig coefficient is to kinship coefficient what Rasistics are to
F-statistics.

Rij = zI [ (zcizcj(aci _a)(Scj - a)lzcizcjl) + Var@)/(n. - 1)] /ZNar(a)

wheresg; is the size of the allele at locuen chromosome from individuali, 5 is the mean allele size at lodus
in the sample, and Va) is the variance of allele size in the sample. T Var§)/(n — 1) is a sampling bias
correction (removed when reference allele frequesnare defined).

6.1.5. Kinship type coefficient based on distancéetween alleles\;

When alleles can be ordered so that a distanceeattributed for each pair of alleles (e.g. numdfenutations
separating two sequences), this phyletic distancgams information on coalesence time. This infation is
taken into account in this; coefficient. This coefficient is to kinship coefént what N-statistics are to G-




statistics.N; is positive when gene copiesiaindj show lower average phyletic distances than twe gapies
sampled at random.

Single-locus estimator;

Nj () = [ZaiZg(1 - i/ DNV ZeiZl  where

Aicigy IS the phyletic distance between the alleles foam@éhromosomesi andcj at locud;

D)= [n/(n — 1)] Za nZaq) Pia P Gary IS the mean phyletic distance between two gepéesat locus
A 1S the phyletic distance between alledesnda’ at locud, p, being the frequency of allekeat locusd.

The n/(n, — 1)] factor inD(l) is a sampling bias correction (removed when ezfee allele frequencies are
defined).

Multi-locus estimator:
Nij = Z| [D(l) N“(l)] / Z|D(|)

6.1.6. Rousset’s distance measure
Definition

Rousset (2000) proposed a genetic distance mebstween individualsa) analogous of th&s/(1-Fsy) ratio
using pairs individuals instead of populationstdrms of probabilities of identity by state of gerfeee §6.1.1.),
this coefficient can be defined ag = (Qo-Qij)/(1-Qo), where Qo refers to genes withndividuals. The
advantage of this distance measure over kinshifficieat is that it is not relative to a “referericgopulation
(the distance is calibrated on the distance betweers within individuals). However, this meassrandefined
for haploid organisms, and it is much dependentherselfing rate. It also suffer higher samplingiasace than
kinship coefficients (Vekemans & Hardy 2004). Raig2000) showed that the slope of the regressidhi®
estimator with the distance can be used to proaidestimate of gene dispersal distances (see §6.3.)

Estimator

The estimator is the one callédn Rousset (2000).

6.2.STATISTICS FOR POPULATION LEVEL ANALYSES

For analyses at population levelobal and pairwise statistics are computed. Global statistics are based on
allele identity (F-statistics and Gst), microsatelhllele size (R-statistics), or the phylogenistahces between
alleles (Nst). Similarly, pairwise statistics ar@sbd on allele identityFgr, Rha Gsr, Gj or Ds), microsatellite
allele size Rsy or 1A, or the phylogenic distances between allels)( Pairwise statistics are first computed
for each pair of populations. Then they are reg s pairwise spatial distances (regression ags)yand they
are averaged over all pairs belonging to each firextedistance interval.

6.2.1. F-statistics andSsr

Definition

F-statistics are based on allele identity and ypeg of kinship coefficients. In terms of probat@b of identity
by state, they can be definedRs=(Qu-Q2)/(1-Qy), Fis=(Qu-Qu)/(1-Q1), andFs=(Q:-Q,)/(1-Q,), where @, Qi
Q,, refer to probabilities of identity of homologougenes within individuals, among individuals within
population, and among individuals among populaticespectively. For global F-statistics, @fers to all
populations, whereas for pairwiber, Q. refers only to the two populations being compaEsglivalently, these
statistics can be defined as intra-class correlatioefficients of allelic states for genes withidividuals
relative to all populationsHy), genes within individuals relative to a populati¢Fis), and genes within
populations relative to all populatiorSsf).

Estimators

For F-statistics, the estimation procedure is based nested ANOVA following Weir and Cockerham&4}
where populations are weighted according to thainse size.

Gsr is an alternative estimator &&y, based on a decomposition of diversity indicetofeihg Pons and Petit
(1996), where populations have equal weight, ieespe of the sample size.



Note that bothH-st and Gst assume “random population effects” in statistteains, contrary to Nei'Sst (not
available inSPAGeD) which assumes “fixed population effects”.

6.2.2. Rho statistic
Definition

TheRhostatistic is defined by Ronfort et al. (1998)islto Fsr what the relationship coefficient is to the kinshi
coefficient (86.1.2.), as it can be interpretedansaverage relationship coefficient between indiald within
population.Rho is equivalent toRelat in FSTAT software (Goudet 1995). This is a coneenhistatistic to
compare the level of genetic structuring amongdyldévels (Ronfort et al. 1998). It relates to Btistics in the
following way: for ak-ploid, Rho=k.Fsr/ (1+ -1)F1) , reducing toRho= 2 Fsr/ (1+ Fy) for a diploid.

Estimator

The estimator is computed as an intra-class ctigalaoefficient of individual allele frequenciessing an
ANOVA framework (Ronfort et al. 1998) equivalenttt@mt of Weir and Cockerham (1984) for F-statistics

6.2.3.G;; statistic
Definition

G; is an average kinship coefficient between theviddials of two populationsi,(j), relative to a sample of
populations (it expresses thus the genetic simjlaaither than the distance between populations.dquivalent
the mean correlation coefficient between the alledguencies of the two populations multiplied b tglobal
Fst among populations (Barbujani 1987).

Estimator
Gij =1 _hij/hT

with hyj = 2, [Zaa(Pia Pja)] / L, Wherepia is the frequency of allela at locud in populationi, L is the number of
loci, andhy is the averaghy; over all population pairg#j).

6.2.4. Ds — Nei's standard genetic distance

Definition

Nei's (1972) standard genetic distance is a meastigenetic differentiation between two populatiaften
used in phylogenetic reconstruction. Under an itdiallele model (IAM), its expected value is appnoately
Ds = 2ut, wherey is the mutation rate, arids the number of generations since populationrdimece.

Estimator

Nei's unbiased estimate is computed according o N¥8).

6.2.5. R-statistics
Definition

R-statistics are equivalent to F-statistics butedasen allele sizes rather than allele identity & 1995,
Rousset 1996). They can be defined as intra clas®lation coefficients of allelic sizes for geneithin
individuals relative to all population®(), genes within individuals relative to a populatifRs), and genes
within populations relative to all populatiorisf). They were developed for loci undergoing a stepwisitation
process. Under a random mutation process (IAM, KAM)pectations for R-statistics are equivalent to
corresponding F-statistics, but they suffer highamnpling variances (Balloux and Goudet 2002). b ftar the
impact of stepwise mutations on genetic structyriRgstatistics can be compared to the corresponéing
statistics estimated following Weir and Cockerhd®84) (see §4.3.5. and 85.6. for permutation tests)

Estimator
R-statistics are estimated using a nested ANOV Acfidiakis and Excoffier 1996).



6.2.6. dm2 — Goldstein’s genetic distance

Definition

Goldstein et al. (1995) defined a distarzé comparable to Nei's (1972) standard genetic digtdand adapted
for loci undergoing stepwise mutations (microséts). Under the stepwise mutation model, its etqubwalue

is approximatelydm?2 = 2.4, wherey is the mutation rate, artds the number of generations since population
divergence.

Estimator

The unbiasedy/ estimator is defined in Goldstein and Pollok (1997)

6.2.7 Ngr statistic
Definition

Nst is an equivalent td-st (or Gst) but accounting for the phylogenetic distancesvben alleles (“ordered
alleles”™). To test for the impact of the allele fifgeny on genetic structurinblst should be compared witBsy
(see 84.3.5. and §5.6. for permutation tests).

Estimators

The Nst estimator is described in Pons and Petit (1996).

6.2.8.N;_statistic
Definition

N; is an equivalent t&; but accounting for the phylogenetic distances betwalleles (“ordered alleles”). It can
be useful to test for the impact of the allele piggny on genetic structuring, in which casg should be
compared td5;. An advantage of usinly; andG; instead ofGsr andNsr occurs when population show no or
little genetic variation becausgsr andNst then reach the value of 1, irrespective of thelgtiyy relationships
between populations.

Estimator
Nij =1 —Vij/VT

with vy = 2 [Zaa(Pia Pjiar Gy)] / L, wherepy, is the frequency of allela at locus! in populationi, d., is the
phyletic distance between allelasanda’ at locusl, L is the number of loci, and: is the average; over all
population pairsigj).



6.3.INFERENCE OF GENE DISPERSAL DISTANCES

Theoretical models of isolation by distance shoat,tif some conditions are met, the kinship andti@hship
coefficients between individuals and the pairwisg, Rho and Rsr coefficients between populations are
expected to vary approximately linearly (at leaghim some distance range) with the logarithm & thistance
in a two-dimensional space, and with the linearagise in a one-dimensional space (Rousset 199D, 204rdy
and Vekemans 1999; Hardy 2003; Vekemans & Hardy}2fad an application see e.g. Fenster et al. 20033
slope of the corresponding regressions can be tasedtimate gene dispersal distances in termspybduct
between population density and mean squared distfingene movements:

In a two-dimensional space defining theneighbourhood sizes Nb = 4D, whereD is the “effective”
population density (i.e. taking into account theiaace of reproductive success among individuats)s ¥ the
mean squared parent-offspring distance, ard3.1415,Nb can be inferred in the following way fdiploids
using

(1) pairwiseFsi/(1-Fsy): Nb= 1hblog
(2) Rousset'sa coefficient: Nb= 1hblog
(3) kinship coefficient: Nb = -(1-Fy)/blog

where blog is the regression slope of pairwise values onltigarithm of spatial distance, arfé, is the
inbreeding coefficient. (2) and (3) are correcttie absence of selfing. With selfing, (2) is bigsedt good
estimates can be obtained from (3 ifs replaced by the kinship coefficient betweeraadpt individuals.

These relationships hold best when the regressiog)(is computed within a restricted distance rangéckvis
approximatelyo to 200. At shorter distances, the details of the genpedil distribution (not just?) matter
(Rousset 2001; Heuertz et al. 2003). At large ditsta, mutation rate can also matter. Hence an atiequ
geographic sampling scale is very important to eahireliable estimatesSPAGeDiallows to define a
restricted distance rangeto compute the regression slope (§ 4.3.3.).

For haploids or autopolyploids, the relationshipa be generalized by defining theighbourhood sizasNb =
2kmDo* where k is the ploidy level (Hardy & Vekemans 1999). Usinmaternally inherited cytoplasmic
haplotypes as genetic marker, estimate of femalegeds) dispersal can be obtained.

For analyses at the individual level and assumigadimensional population at drift-dispersal didpaium,
SPAGeDican use aiterative procedure to determine o and Nb by regressing pairwise kinship coefficients on
In(distance) over a restricted distance range 384 ois denotesigmain SPAGeD). The procedure requires an
estimate of the effective population densily,as well asX, the width of the distance rangeto X over which
the regression is applied. Starting from a globglession slope, the procedure consists in estigisith asNb =
-(1-F@)/blog , whereFy is the kinship coefficient between individuals toe first distance class (assumed to
correspond to pairs of neighbours), amds estimated ag=[Nb/(2 Ttk.D)]"% Then, restricting the regression
(blog) to distances betweesm and Xo, Nb and g are estimated again. This step is repeated arntibnverges,
with up to 100 iterations (Fenster et al. 2003; &fakns & Hardy 2004; Hardy et al. 2006). Successive
estimates are displayed on the screen. Convergene® ensured, in which case no estimate is peakid he
procedure can also cycle periodically around sofeglues, in which case the average, as well asrtimimal
and maximal values over a cycle is reported. Apjpnaxe standard errors (SE) afandNb estimates can also
be obtained by jackknifying over loci (SE will beported only if the iterative procedure always crge or
cycle when a locus is removed). It is advise tec®{ between 10 and 108=10 should result is less biased but
potentially more imprecise estimates because rsigresmight be based on a small number of pairs of
individuals. IncreasingX should improve precision but may result in morasbinotably under high mutation
rates or when the structure is not yet at drifpdisal equilibrium.

In aone-dimensional spacerelationships (1), (2) and (3) also hold but vilie regression slope based on linear
distance instead of logarithmic distance, and Withdefined as X Dd” whered? is the mean squared distance
of gene dispersal (Rousset 1997). The iterativeqrore to determiner and Nb should not be used for one-
dimensional populations.

Note that the conditions necessary for valid infiees might not be met in general within naturalyations
although simulation studies suggest that the meihdairly robust (Leblois 2003, 2004; see also &sai 1997,
2000, 2001). In any case, when a relatively linedationship is observed, the slope expresses éigecd of
genetic structuring and contains most of the infation regarding intra-locus structure (Vekemans &rdy
2004). GENEPOP (Rousset 2008) is an alternativewaoé to conduct such inferences using Rousset's
coefficient. It implements bootstrap procedure &b approximate confidence intervals.



6.4.ESTIMATING THE ACTUAL VARIANCE OF PAIRWISE COEFFICIENTS FOR MARKER -BASED
HERITABILITY AND QsT ESTIMATES

Ritland (1996, 2000) proposed methods to estimatieability andQst using genetic markers. These methods
require an estimate of the “actual” varianté.e. excluding sampling variance) of pairwisedkiip coefficients
between individuals (inference of heritability) pairwiseFst between populations (inference@45):

V = Z((ZWR5)? = ZI(WRy)I/(1 —ZWP))/N — EZWiR,/N)?

WhereZ, stands for the sum over the considered pairswithin a distance class) of individuals or popidas
(N being the number of paird}, is the value of the pairwise statistic (kinshiglatedness;sr, ...) for pairp at
locusl, andW is the locud specific weight when computing multilocRs averages.

For heritability inference, the advantage of thprapch is that quantitative characters can be medsn situ,
avoiding the problem of having an heritability maasvalid only for some experimental conditionst Qar
inference, the advantage of the Ritland’s apprastiat there is no need to estimate the heritgtufi the
characters.

The method to obtain the actual variance of pagwisefficients follows Ritland (2000) and requiag¢deast two
loci. A jackknife procedure over loci (at leasta@ilnecessary) provides approximate standard eofdte
variance estimate. The estimates are given undeest (8 4.3.4.) for pairs of individuals or popigdas

belonging to each distance interval as well asfigpairs (under dveragé). Note that a large sample size and a
high number of loci and/or very polymorphic loceaequired for reliable heritability inference.

6.5. TESTING PHYLOGEOGRAPHIC PATTERNS

A phylogeographic pattern occurs when gene cop#@éspked at nearby locations (e.g. within the same
population) carry alleles that are more relatedagarage than for gene copies sampled further apader
neutrality, such pattern is expected when the nuutatate is non negligible compared to the migratiate
(Hardy et al. 2003).

Phylogeographic patterns can be tested only fate'@d’ alleles, such as microsatellites where diffees in
allele sizes informs on genetic distance (if stey@winutations occur), or sequence data (or othetipleukite
polymorphisms at non recombinant DNA) where gergistances between alleles can be attributed X@mele

as the number of mutations differentiating two laBe SPAGeDiproposes several statistics that account for
‘ordered’ alleles, such aBsr and @1)? for microsatellites, antsr for alleles for which a matrix of genetic
distances is provided (cf. § 3.8.). A phylogeogiadiructure appears whd®sr or Nst is significantly larger
thanFsr.

Testing for a phylogeographic pattern can be daiegiRst by permuting allele sizes among alleles (Hardy et
al. 2003), or usindNst by permuting genetic distances among alleles (&usd al. 1999; cf. § 4.3.5., 8 5.6.). The
expected value after such permutation is equahtesabecause only the structure due to allele idendityains
(note that considering the statistical propertiethe different estimators computed 8 AGeDj theRs statistic
should be compared with th&r statistic, whereas thisy statistic should be compared with tBer statistic).
The permutation procedures permit to assess thébdison of Rst or Nst under the null hypothesis that there is
no phylogeographic pattern. Therefore the unildterst corresponding to the alternative hypothdis& the
observed=st or Ngt is superior to the corresponding value after peéatian should be considered.

Testing the globaRst or Nst (or the average pairwise values) tell us whetheret is gohylogeographic signal
within populations, answering the question: Are distinct alleles maated within populations than among
populations?

Testing the slopebflin or b-log values) of pairwis®st or Nst tell us whether there isghylogeographic signal
among populations answering the question: Are distinct alleles mmiated between nearby populations than
between distant populations?
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8.BUG REPORTS

Ver. 1.1

- Two computational bugs occurred in version 1.1 eaudier and were corrected in version 1.1b :
1°) Bug leading to erroneous jackknife estimateggmand standard error) for Wang(2002)
relationship estimator when missing data occur.

2°) Bug leading occasionally to erroneous estimdtasthe Rousset's a distance between
individuals for the last locus, and consequenthtifi@ multilocus and jackknife estimators.

Ver. 1.2

- Abug causing occasional crash when reading thenith reference allele frequencies has been
corrected in version 1.2b (released on 11 Nov 2005)

- When selecting both options "Test of mutation effatgenetic differentiation for each population
pair" and "Report only P-values”, a bug causednaigient results regarding these tests in the butpu
file. It has been corrected in version 1.2c (redeasn 23 Dec 2005).

- WARNING: For analyses at the individual level, wheslecting the “allele size correlation coefficient
(Streiff et al. 1998), a problematic bug causedr@pous multilocus and jackknife estimates for this
statistic (single-locus estimates were correctippated). The bug has been corrected in version 1.2d
(released on 17 Jan 2006) but all previous versioasffected !

- WARNING: For analyses at the individual level usohgminant markers (kinship or relationship
coefficient), a bug could cause the program totcfasnay also have lead to inconsistent resuiltae
problem was resolved in version 1.2e.

- Two bugs causing occasional crash when readinfil¢heith reference allele frequencies and when
writing down results have been corrected in verdi@f (released on 11 Apr 2007).

- Bugs occurring when importing large data setSémepop format have been corrected in version 1.2g
(released on 24 Apr 2007).

FINAL NOTE

The program is regularly modified for further imgemnents. Any suggestion for improvement is welcoAiso
if you have trouble with some data sets you card aenthe data set by e mail and we could try tothis
problem.

Good luck!



