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Chapter 1

Introduction

1.1 Scope

quantiNEMO is an individual-based, genetically explicit sbchastic simulation pro-
gram. It was developed to investigate the e ects of selectip mutation, recombina-
tion, and drift on quantitative traits with varying archite ctures in structured popula-
tions connected by migration and located in a heterogeneohabitat. quantiNEMO
is highly exible at various levels: population, selectiontrait(s) architecture, genetic
map for QTL and/or markers, environment, demography, matig system, etc.

1.2 Availability

The website
http://www.unil.ch/popgen/softwares/quantinemo includes executables for Win-
dows, Linux and Mac, the source code, a detailed user's mahuand also a syn-
tax highlighting de nition to edit the settings le with the shareware TextPad (
http://www.textpad.com ). All downloads are freely available under the terms of
the GNU General Public License.

1.3 Technical

guantiNEMO is a console program, and is coded in standard C++sing an object
oriented approach. This allows compiling quantiNEMO on anyamputer platform
which supports standard C++ compilation. There is no limit an the number of pop-
ulations, individuals, genes, etc that quantiNEMO can han@, apart from the avail-
able hardware capacities (CPU and memory). quantiNEMO was timized for high
computation e ciency in particular for large simulations on clusters. quantiNEMO
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is built on the evolutionary and population genetics prognaming framework NEMO
(Guillaume and Rougemont 2009, with well developed demographic models. The
demographic models of NEMO were kept, although several of geefunctionalities
were re-coded, respectively adapted to the new functioni#dis of quantiNEMO.

1.4 License

guantiNEMO is free software: you can redistribute it and/or nodify it under the
terms of the GNU General Public License as published by the FE&oftware Foun-
dation, either version 3 of the License, or (at your option) gy later version. quan-
tiNEMO is distributed in the hope that it will be useful, but WI THOUT ANY WAR-
RANTY; without even the implied warranty of MERCHANTABILITY or FITNE SS
FOR A PARTICULAR PURPOSE. See the GNU General Public License for me
details. You should have received a copy of the GNU General HigbLicense along
with quantiNEMO. If not, see
http://www.gnu.org/licenses/

1.5 Acknowledgments

We are grateful to Yves Rousselle, Patrick Meirmans, Christe Grossen, Claire
Mouton, Olivier Blaser, llkka Kronholm, YiJian Huang, and Patick Flight. These

persons helped us to improve quantiNEMO by reporting bugs afat great discus-

sions.

1.6 Main features

quantiNEMO consists in several simulation components whichnay be easily ex-
tended. The simulation components with their correspondg parameters are de-
scribed in more detail in the rest of this manual.

Quantitative traits

quantiNEMO allows the simulation of one to multiple quantitéive traits each having
its own speci cations. Each trait is de ned by one to many loceach with up to 256
alleles. The allelic e ects at each locus can be drawn from amnal distribution

or can be set explicitly. Mutations are implemented with searal models. The
trait determinism can be purely additive, or include dominace and/or epistatic
interactions among loci. Environmental e ects can also bessin di erent ways.

Neutral markers
guantiNEMO also allows the simulation of neutral markers, sth as microsatellites


http://www.gnu.org/licenses/

CHAPTER 1. INTRODUCTION 3

or SNPs with di erent mutation models (K Allele, Stepwise). Dierent types of
neutral markers and/or quantitative trait loci can be combhed within the same
simulation.

Genetic map

guantiNEMO has an underlying genetic map, which may consisff several chromo-
somes. This allows an explicit positioning of all types of tbon the map (quantitative
trait loci (QTL) and neutral markers).

Metapopulation

guantiNEMO allows simulating realistic population dynamis. Population sizes may
vary in space and in time. The user can choose between sevegmadset migration
models (island, 1-D stepping-stone, 2-D stepping-stone)r specify the full migra-
tion matrix. The migration pattern can change over time, albwing to investigate
scenarios of population fragmentation.

Lifecycle

Each individual undergoes a single life cycle (non-overlping generations). The life-
cycle is xed (in contrast to NEMO (Guillaume and Rougemont2006) and starts

with breeding and reproduction. Several mating systems aawailable: random mat-
ing or sel ng for hermaphrodites; promiscuity, monogamy opolygyny for doecious
(gonochoric) species. Selection acts on the reproductiveness of individuals. After

reproduction, juveniles may disperse to other populationgnd then population size
is possibly regulated. Environmental stochasticity can ab be introduced, where
populations may go extinct due to an external factor, indep&lent of population

size or genetic constitution of the population.

Selection

Several modes of selection are available. In stabilizinglesstion modes, a specic
optimum and selection intensity may be de ned for each popation and quantitative
trait ( Barger, 2000Q. In directional selection modes, the strength and direain of
selection may vary for each trait and population. Furthermpe the selective pressures
can change over time. Last, selection can be soft or hard/éllace, 1969.

Initial settings

guantiNEMO is highly exible in the setting of the initial simulation conditions.

The initial population sizes may be set for each populationnal sex (parameters
patch.ini_size patch.ini_sizefem, or patchini_sizemal). Furthermore, the initial allele

frequencies for each population may be either maximal polyarph or monomorph
(parametersquantiini_allelemodeland ntrl_ini_allelemode), or may be set explicitly
for each population, locus, and allele (parametecgiantiallelic le andntrl_allelic le).
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1.7 Input and output

Input

guantiNEMO is launched using a settings le. The settings lds a text le with ex-
ible and easy to understand structure. The information is gxi ed in a parameter-
argument scheme, where the order of the parameters does nadttar. The le can
be edited with any text editor, and comments may be added forditer readability.
We provide also a syntax-highlighting de nition for better readability.

Output

quantiNEMO provides summary statistics for the di erent sinulation components,
including genetic variance estimates, quantitative traitanalysis (e.g.Qst), and F-
statistics for all types of loci (neutral and QTL). Most of the summary statistics are
available for juveniles and adults. The summary statisticean be computed for any
generation during the simulation. quantiNEMO can also prodce les with the raw
genetic data. The genotypes at all loci can be dumped to le ithe FSTAT format
(Goudet, 1999. Phenotypes, as well as the additive, dominance, and e@s$t e ect
values can be written to a le and then analyzed with any popultion or quantitative
genetic software, e.g. to get patterns of di erentiation, idy linkage disequilibrium,
or scan for QTLs. We are currently developing an R package tamry out the most
common analyses from a simulation.



Chapter 2

Using quantiNEMO

This chapter explains how to use quantiNEMO starting from thebasics.

2.1 Installation

Executables of quantiNEMO for several operating systems céxe downloaded from
the web site http://www.unil.ch/popgen/softwares/quantinemo . The executa-
bles are stand-alones, meaning that quantiNEMO does not reigel an installation.

After downloading the compressed le with the executable coesponding to your
operating system simply extract it to a folder of your choice The compressed le
includes the executable for your operating system, the useranual, and also an
example settings le.

2.2 Launching quantiNEMO

A settings le allows to de ne any simulation. The format of this settings le is
described in sectior2.3. There are several possibilities to pass the settings le to
the executable:

standard. A simulation is launched by double-clicking on the executdd or by
writing the name of the executable (e.gguantinemo.exe for Windows) to a
console window. quantiNEMO will prompt you for the name of thesettings
le.

default le If the settings le has the default namequantinemo.ini and the set-
tings le resides in the folder of the executable quantiNEMO W automatically
use this settings le to perform the simulation when quantiNBMO is launched.
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parameter. The settings le name may be passed as a parameter to the extatle
when quantiNEMO is launched. This can be done using a consolendow:

> quantinemo.exe settings.ini

Depending on the operating system a/'" in front of the executable is some-
times needed to specify that the executable is located in tloeirrent directory
(Linux):

> ./quantinemo settings.ini

2.3 Input: the settings le

This section describes the format of the settings le. The #ings le is a text le
with in general one parameter per line in a key-value schemigor example

patch_capacity 1000

sets the parameteipatch capacityto the value of 1000. The order of appearance of
the parameters In the settings le does not matter. However, particular parameter
should appear only once in the settings le. If a parameter ggears several times in
the le only the last instance is considered.

2.3.1 Default value

Most of the parameters have default values. The default vaduof a parameter is
taken into account when either the parameter is not listed irthe settings le or

its argument is missing. The default values are listed beldnthe parameter name
in this manual and are specied by(default: ). The default values are the most
common setting of the parameter. the default values allow tkeep the settings le

short and clear.

2.3.2 Comments

quantiNEMO allows to add comments in the settings le (and allother input les).
There are two di erent types of comments:

Single line comments. A simple hash character '# de nes the start of a single
line comment. The hash character and the remaining text of #thline are
ignored by quantiNEMO.
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Block comments. Block comments may start and end at any place in the le. This
allows to comment out multiple lines at once or only a part of &ine. A block
comment starts with the characters '#/' and ends with the chaacters '/#'.
The starting and ending characters and the text between therare ignored.

2.3.3 Line end

In general a parameter (the key and its argument) has to be wvtteén on a single line
(except for matrices and temporal parameters). However, ug a backslash\" it is
possible to bypass the end of a line and to write an argument @everal lines. Note,
that after the backslash any text on the line is removed.

2.3.4 Macros

guantiNEMO has two input macros. The macros help to keep the put le clear
and small. In principle the macros just write out the sequercor the repetition,
before the input le is read by quantiNEMO.

Sequence

With the command seq(from, to, steps)it is possible to specify a sequence of data
points. seqworks similar to seqgin the statistical package R. The macro needs three
arguments separated by a comma: the rstone is the rst data pint of the sequence,
the second argument is the last data point of the sequence atit third argument
speci es the number of data points including the edges. Exate:

patch_capacity fseq(100, 1000, 109
patch_capacity f100 200 300 400 500 600 700 800 900 1@00

Both speci cations of the carrying capacities are identidai.e. the macroseqtrans-
lates its arguments to the lower speci cation.

The commandseqcan also be used for temporal parameters with a single number
as argument:

patch_capacity (seq(0O 100,90 1000, 10))

patch_capacity (0 100,
10 200,
20 300,
30 400,
40 500,
50 600,
60 700,
70 800,
80 900,
90 1000)
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Both speci cations of the linear increase of the carrying gacities over time are
identical. Again the macroseqtranslates its arguments into the lower speci cation.

Repetition

With the command rep(value, number)it is possible to specify a repetition of a
single data point. rep works similar to rep in the statistical package R. The macro
needs two arguments separated by a comma: the rst one is thatd point to be
repeated, and the second argument speci es the number of egpions. Example:

patch_ini_size f1000 rep(0, 9)
patch_ini_size f1000 0 0 0 0 0 0 0 0 @

Both speci cations of the initial population sizes are idetical, i.e. the macrorep
translates its arguments to the lower speci cation. In thisexample only the rst
patch is populated at the start of the simulation, allowing b simulate a colonization
scenario.

2.3.5 Parameter types

There are di erent types of arguments that a parameter may tiee. In the following
the argument type is speci ed within square brackets. Exarnig:

stat_log_time [integer]

2.3.5.1 Integer

Integers are whole-numbers, i.e. a dot-less number. Theléoling forms are equiv-
alent: 1000 or 1e3.

2.3.5.2 Decimal

Decimals are oating-point numbers. The following forms a equivalent: 0.0001,
.0001 or 1e-4.

2.3.5.3 String

Strings are text arguments. If the string contains spaces ¢hargument has to be
enclosed within quotation marks "...". When a string is endsed by quotation marks
it may be written over several lines. Example of a string witta space:

folder "first simulation”
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2.3.5.4 Matrix

Matrices allow to pass several numbers (integer or decimal) a parameter. This
may be necessary to specify carrying capacities (see sattl® Matrix), or to pass

a dispersal matrix (see section 2D Matrix) to quantiNEMO. Matices are enclosed
between curly bracketsf g ', and numbers are separated by at least a space. Matrices
may be written on several lines and may also contain commentBhere is noa priori
restriction on the size of the matrix.

1D Matrix
A one dimensional matrix (vector) consists of data in a singldimension. There are
three di erent ways to write a one dimensional matrix, whichare all equivalent:

patch_number 4

patch_capacity f 20 10 20 10 ¢
patch_capacity f f 20 10 20 1@ ¢
patch_capacity f f 20g f10g f20g f10g ¢

2D Matrix
Some parameters need a second dimension for their argumehtsecond dimension
is obtained by enclosing the inner rows of the matrix again wiin curly brackets 'f

g.

patch_number 4

disp_rate f f0.2 0.0 0.0 0.&
f0.4 0.2 0.0 0.4
f0.4 0.4 0.2 0.@
f0o.0 0.4 0.4 03 g

This example shows the pairwise dispersal matrix for 4 patek (4x4). Each row
speci es a source patch from which emigrants emigrate. Eaclelumn speci es the
target patch receiving the immigrants. The diagonal of the mtrix species the
proportion of individuals remaining in the natal patch.

Matrix length adjustment

Usually matrices are de ned in whole, i.e. the number of carnyg capacities in
the 1D matrix example above meets the number of patches (4 paes). However,
if there is a repeating pattern in the matrix, it is also posgle to de ne only the

repetition. In this case the matrix will be repeated as neede For instance the
1D matrix above could also be written in one of the following &ys as there is a
repetition in it:

patch_number 4
patch_capacity f20 10g
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Note, that rows and/or columns are repeated as needed. If theimber of columns
(or rows) is not an entire subset a warning will be returned ahthe simulation will
adjust the matrix as:

patch_number 5
patch_capacity f20 10g

In this example we have 5 patches, however the carrying cajiaes are only speci ed
for 2 patches. As 2 is not an entire subset of 5 a warning will beturned and the
patches will have the following carrying capacities: 20, 1@0, 10, 20. If all values
of a matrix are identical one may leave out the brackets. In #following example
all three declarations result in the same simulation:

patch_number 4
patch_capacity f20 20 20 2@
patch_capacity f20g
patch_capacity 20

Unbalanced matrices

Usually a matrix is balanced, i.e. each row has the same numharcolumns. How-
ever, some parameters (such as the parametguanti _loci _positions ) allow to
have unbalanced matrices, i.e. rows do not necessarily cantthe same number of
columns. Other parameters (such as the parametguanti _loci _positions ) allow
to skip a row, i.e. some rows do not contain any data. A row canebskipped by
explicitly indicating the rank of the row just after the begnning of the row followed
by a colon ":". The ranking starts with 1. If a row has no explid@ rank it is assumed
to follow the preceding row. Here is an example for the genetitap of a quantitative
trait:

quanti_loci 11

guanti_loci_positions f f 1: 10g
f3: 10 40 60 80 109
f 10 40 60 80 109 g

In this example the quantitative trait is de ned by 11 loci located on three out of
four chromosomes. The rst chromosome contains a single iscat position 10 cM.
No locus is located on the second chromosome. The third and fibuchromosome
have the same structure: 5 loci are located on each of the twbreamosomes, and
the distance between adjacent loci is 20 cM.

2.3.6 Temporal parameters

An important feature of quantiNEMO is that some parameters maghange over time
during a simulation. Such parameters are indicated as "tengpal” in this manual.
Temporal arguments are enclosed within two parentheses..}.. For each change of
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the argument over time a pair consisting of a generation indeand a corresponding
argument is needed. The values of a pair are separated by aadéone space. Pairs
are separated by a coma ', or by a semi-colon ';'. The rst vale of a pair speci es
the time, i.e. before which generation the change happenshd second value is the
new argument. A parameter may change as often as any geneoati A simulation
starts at generation 1. Therefore the rst change has to havéhe time value 1
otherwise the parameter cannot be initialized leading quaNEMO to return an
error. A temporal argument may be written over several lines

patch_capacity (1 100,
50 200,
100 500)

Here, the carrying capacity is 100 for the rst 49 generation®200 from generation
50 on, and 500 from generation 100 on.

2.3.7 External les

In general arguments are written directly after the parameir name on a single
line. However, arguments may be sometimes large (e.g. big megs, temporal
parameters, ...) leading to poorly readable settings le. Uisg external les for
large arguments allows to keep the settings le clear and weeadable. An external
le may be used for any parameter. Instead of writing the argment directly after
the parameter name, the name of an external le is written aéir the parameter
name. In order for quantiNEMO to recognize the argument as ael name the pre x
'$' has to be added before the le name. The external le mustantain the argument
of the parameter. Only a single argument per external le is g@ssible, however the
same external le may be used for several parameters. The riwat of the argument
in the external le follows the same rules as in the settingsle, except that line
breaks are ignored, i.e the charactek " between lines is not necessary. Here is an
example:

settings le:

disp_rate $dispersal file.txt

external le named "dispersal le.txt":

# dispersal rates
f f0.2
f0.4
f0.4
f0.0
f0.0

[oNeoNoNoNe]
oOh~A~DNO
cNeoNoNeoNe]
ANOOPIL
cNoNoNeoNe]
(ORSKSNC-NE=
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2.4 Output les

2.4.1 Types of output
guantiNEMO can generate the following types of outputs:

summary statistics. quantiNEMO provides summary statistics for the di erent
simulation components, including genetic variance estirtes, quantitative trait
analysis (e.g. h?, Va, genetic diversity), and F-statistics for all types of loci
(neutral and QTL). Most of the summary statistics are availdle for juveniles
and adults. The summary statistics can be computed for any geration during
the simulation. The summary statistics can be saved in two wa: Either they
are stored for each replicate separately and/or the summarstatistics are
averaged across replicates.

raw data. quantiNEMO can also produce les with the raw genetic and phetypic
data. The genotypes at all loci can be dumped to le in the FSTA format
(Goudet, 1995. Phenotypes, as well as the additive, dominance, and e@st
e ect values can be written to a le and then analyzed with anypopulation
or quantitative genetic software, e.g. to get patterns of dérentiation, study
linkage disequilibrium, or scan for QTL. Genotypes and phetypes can be
saved for any generation during the simulation.

log les. quantiNEMO also generates log les allowing to reconstruct grformed
simulations. There are two types of log les. The rst log le records the
simulations performed with quantiNEMO and stores some gerafinformation.
This log le is stored in the folder of the executable and allws to reconstruct
the chronology of performed simulations and their main feates. The other log
le contains the used parameters, is generated for each silation separately,
and is stored in the simulation folder. This le is in princide a copy of the
used settings le and contains the starting time and the duréon time of the
simulation. It contains also the seed (see parametseed used to initialize the
simulation. This le can be used as settings le to exactly rpeat the performed
simulation. Note, that due to the seed in the le the random gearator will
be initialized in the same way leading to the exact same valsién the output.

2.4.2 Naming convention

All les of a simulation are stored in a unique folder (see paraeter folden. This
simulation folder may contain a substructure. The name of # output les are
based on the base name given by the parametéename Depending on the type
of output di erent extensions are added to the base name. Tovaid that recurring
outputs overwrite previous outputs a counter is added to thde name between base
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name and extension. There are two types of counters: the gea#on counter and
the replication counter. A counter is only added if there is ask of overwriting. For
example the replication counter is only added if several regations are performed.
The generation counter starts with "g" and the replication counter with "_r". These
characters are followed by the number of the generation andplication, respectively.
Note, that generations and replications start at 1. The numhkrehas as many digits

as are needed to represent the highest number in the simutatt

simulation_g0001r01.dat
simulation_g0002r01.dat

simulation_g5000.r10.dat

2.5 Minimal settings le

Most of the parameters have default values. This allows to rka short and clear
settings les. This section describes the parameters needfor a minimal settings
le and describes the simulated model, respectively how thdefault values are set.

The following two parameters are needed in every settingsel

generations 500
patch_capacity 1000

This minimal settings le allows to perform a simulation with a single population
consisting of 1000 hermaphrodites. The population evolvesmder neutral random
mating for 500 generations keeping the population size coast at carrying capac-
ity. No genetic data are simulated, since no quantitative trigs or neutral markers
are speci ed. The simulation generates no output apart frorthe log le. Although
this simulation works it makes no sense, since no output isrggrated. This can be
improved by specifying quantiNEMO to compute summary statiscs on the demog-
raphy:

generations 500
patch_capacity 1000
stat f adlt.demog

This settings le results in exactly the same simulation aslte previous one, but now
three additional les are generated. The rst le lists the names of the computed
summary statistics ("simulation_legend.txt"), while the two other les are almost

identical containing the summary statistics for each genation. One of these latter
les contains the summary statistics for each generation ahreplicate separately
("simulation.txt"), while the other one shows the summary atistics averaged across
replicates ("simulation_mean.txt").
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To simulate genetic data one has to add either a quantitativérait or a neutral

marker to the simulation. This is done by specifying the numér of loci to simulate
( for quantitative traits and neutral markers separately). To force quantiNEMO
to compute some summary statistics on quantitative traitsyespectively on neutral
markers one has also to specify corresponding summary s$éiis. For example:

generations 500

patch_capacity 1000

stat fadlt.demo
guanti
n.adlt.fstatg

quanti_loci 1

ntrl _loci 1

In this example now selection acts on the reproduction stageoft selection). The
tness is computed on the simulated quantitative trait. Thetrait consists of a single
locus with up to 255 alleles. Allelic e ects are normally distbuted with a variance
of 1. The phenotype of the quantitative trait is determined ly pure additive e ects
of the alleles. Stabilizing selection acts on the phenotypéth an optimum of 0 and
a variance of 1. A single neutral marker locus is simulated tiup to 2555 alleles.
Both the quantitative trait locus and the neutral marker loaus do not mutate. for
both markers some common summary statistics are computed.

2.6 Simulation example

This section describes a more realistic simulation examp#énd describes how the
output is stored. The settings le of this example named "quiatiNemo_example.ini”
is included in the compressed folders of the downloads of qu&EMO:

generations 100

# metapopulation

patch_number 10
patch_capacity 1000
dispersal.rate 0.01
# mating

breed-model 0
mating _system 0

# selection
patch_stab_sel_.optima 10
patch_stab_sel.intensity 1

# quantitative trait
guanti_loci 5
quanti_all 255
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quanti_mutation _-model 0
quanti_mutation _rate le 4

guanti _save.genotype 2
quanti_genot_logtime 10
guanti_genot_dir guanti _genotype
guanti_save phenotype 2
quanti_phenot_logtime 10
quanti_phenot_dir quanti _phenotype

# neutral marker

ntrl _loci 5

ntrl _all 10

ntrl _mutation _-model 0

ntrl _-mutation _rate le 4

ntrl _save.genotype 2

ntrl _genot_logtime 10

ntrl _genot_dir ntrl _genotype

# statistics

stat fn.adlt.fstatg
stat_save 1
stat_log_time 10

stat_dir stats

A simulation based on this settings le named "quantiNemaexample.ini" produces
the following output to your terminal window:

guantiNEMO

Release: 1.0.0.0 [Jan 01 2008; 00:00:00]
Copyright (C) 2008 Samuel Neuenschwander
http ://www2. unil .ch/popgen/softwares/quantinemo

Reading settings file 'quantiNemoexample.ini' ...done!

SETTINGS
Simulation:
100 generations
1 replicates

Loaded traits:
Neutral marker type: 5 loci; 10 alleles
Quantitative trait: 5 loci; 255 alleles; stabilizing selection

Life cycle sequence:
1. breed
2. save.stats
3. save.files
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4. aging
5. disperse
6. regulation

Metapopulation :
10 populations

Migration model: island
Mating system: random mating (hermaphrodite)

SIMULATION
replicate 1/1 [00:00:14] 100/100
SIMULATION done (CPU time: 00:00:15s)

quantiNEMO terminated successfully!

This output informs you that this simulation was parameterzed by the settings le
"guantiNemo_example.ini". The simulation consisted of one quantitatig trait and

one type of neutral markers. The simulated life cycle is indated and shows that
summary statistics and genotypes or phenotypes are outpuOnly one replicate of
100 generations was performed. For each replicate the elegggime (hh:mm:ss) is
printed out to the console and at the end of the simulations ab the total elapsed
time. The output of this simulation was stored in the followng structure relative to
the executable:

simulation_2008 01 01.00 00 00/ # automatically named folder

simulation.log # log file
quanti _phenotype/ # phenotype folder
simulation_g010.phe # phenotypes of generation 10

simulation_g020.phe
simulation_g030.phe
simulation_g040 .phe
simulation_g050.phe
simulation_g060 .phe
simulation_g070.phe
simulation_g080 .phe
simulation_g090 . phe
simulation_g100.phe
quanti_genotype/ # genotype folder (quantitative)
simulation_g010 . dat # genotypes at generation 10
simulation_g020 . dat
simulation_g030 . dat
simulation_g040 . dat
simulation_g050 . dat
simulation_g060 . dat
simulation_g070 . dat
simulation_g080 . dat
simulation_g090 . dat
simulation_g100 . dat
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ntrl _genotype/ # genotype folder (neutral)
simulation_g010.dat # genotype at generation 10
simulation_g020 . dat
simulation_g030 . dat
simulation_g040 . dat
simulation_g050 . dat
simulation_g060 . dat
simulation_g070 . dat
simulation_g080 . dat
simulation_g090 . dat
simulation_g100.dat

stats/ # statistic files
simulation . txt # statistics for each replicate
simulation_mean. txt # statistics across replicates
simulation_legend . txt # statistic legends

2.7 Batch mode

quantiNEMO allows to perform multiple simulations by execuing a single command.
There are two ways to perform such batch simulations. Note, #t these two types
may not be mixed, i.e. be used at the same time.

2.7.1 Multiple settings les

A normal simulation can be launched by passing the settingde name as parameter
to the executable. It is also possible to pass several segs le names to the
executable. In this case a simulation for each settings |es iexecuted consecutively:

‘ > quantinemo.exe siml.ini sim2.ini

In this example quantiNEMO is launched with two settings les(siml.ini and
sim2.ini ). The simulations will be executed one after the other leadly to the
following console output:

Reading settings file 'siml.ini' ...done!

Reading settings file 'sim2.ini' ...done!

SIMULATION 1/2

SIMULATION 1/2 done (CPU time: 00:00:15s)
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SIMULATION 2/2

SIMULATION 2/2 done (CPU time: 00:00:165s)

2.7.2 Sequential parameters

A batch simulation may also be launched by a single settingse if so-called sequen-
tial parameters are used. Sequential parameters are any pareter with not only
one but several arguments. Note, that a sequential parameter not the same as a
temporal parameter (see sectio.3.6).

patch_capacity 5 10 20

In this example patchcapacityis a sequential parameter with three arguments.
If patchcapacityis the only sequential parameter three consecutive simuiahs
will be launched with identical parameter arguments, exceépfor the parameter
patch capacity which will be set to 5 for the rst simulation, to 10 for the see
ond simulation, and to 20 for the third simulation.

If several parameters are sequential parameters all comations of the sequential
parameters will be simulated. Example:

patch_number 10 50
patch_capacity 5 10 20

There are two sequential parameters in this example. This Miesult in 6 consecutive
simulations with the following parameters:

patch_number patch_capacity
1. simulation 10 5
2. simulation 10 10
3. simulation 10 20
4. simulation 50 5
5. simulation 50 10
6. simulation 50 20

To prevent the output from overwriting the preceding simuléion a unique base le
name is given to each simulation. This unique base le name rgists of the the
base le name (parameterlename) plus a su x which includes the rank of the
simulation. If in the example above the parametedlename was set to "mysim" the
base name for each simulation would be as follows:
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filename
simulation mysim
simulation mysim
simulation mysim
simulation mysim
simulation mysim
simulation mysim

OO, WN -
OO, WN P~

However, the base le name can also be individualized by the ersusing expansion
characters '%' in the base le name. The expansion characteallow to incorporate
the changing argument value (of the sequential parameters) the base le name.
For this the expansion character '%' has to be followed by a mber which corre-
sponds to the rank of the sequential parameter. Note, that theank corresponds
to the alphabetical order of the sequential parameter namestarting with 1 for
the rst sequential parameter. The expansion characters a@nthe rank numbers are
then automatically replaced by the corresponding arguemnalues used in the sim-
ulation. Expansion characters can be applied to all types @rguments, however
arguments of matrices and temporal parameters are not regked by the argument
value, but by the rank number of the argument (how they appeain the settings
le after the parameter name) due to their big size. So each geential parameter
can be addressed by its rank allowing to build separate lemaes. If not all sequen-
tial parameters are addressed by the lename, i.e if the baseme is not unique
for each simulation, the rank of the simualtion is added as suto the lename
to avoid overwritting the output. Note, that after the rank number (which may
consists of several digits) a character must follow which weaot be interpreted as
a number by quantiNEMO. For example the rst sequential paramter has to be
called as "name%1 4K" and not as "name %14K". If the lename for the example
above was set to "sim%2pop%1lind" the following base names would be generated
(alphabetically patch capacitycomes beforggachnumbey:

filename
1. simulation sim_10pop 5ind
2. simulation sim_10pop 10ind
3. simulation sim_10pop 20ind
1. simulation sim_50pop 5ind
5. simulation sim_50pop 10ind
6. simulation sim_50pop 20ind




Chapter 3

Life Cycle

guantiNEMO is a discrete generation-based simulator. This @ans that a single
individual undergoes only once the life cycle and that the gerations are not over-
lapping. Depending on the parameterization in the settingde some events may
be skipped. The life cycle has a xed order of events. A simuian starts with
"Breeding”, i.e. only adults are present at the initializaton of the simulation. The
life cycle is repeated for each generation, i.e. the life ¢g@vent "Breeding"” follows
the life cycle event "Extinction™:

1 : Breeding. Adults mate and may produce o spring. Selection acts at this
stage.

2 : Statistics. Adults and juveniles are present. It is the stage were summary
statistics may be computed for adults and juveniles.

3 : Outputs. Adults and juveniles are still present. Genotypes and/or phetypes
may be dumped to les for adults and/or juveniles.

4 : Aging. ltis the event where the adults are removed. Only the juvergk remain
in the model.

5 : Regulation. Before dispersal some patches may be overcrowded. This regu
lation stage allows to control the population sizes.

6 : Dispersal. Juveniles may migrate to other patches and become adults.

7 : Regulation. After dispersal some patches may be overcrowded. This regula
tion stage allows to control the population sizes.

8 : Extinction. Due to stochastic events populations may go extinct.

In the following the life cycle events and their options areeabcribed in details:

20
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3.1 Breeding

This stage performs mating and breeding of the new o springegeration following
the mating system chosen. Adults are not removed here (adultse removed in
the event aging. This is the event were selection acts. The reproduction rdel
implemented in quantiNEMO is composed of two phases: In thest phase for each
patch the total number of o spring to be produced is computedThis number of o -
spring depends on the two parameterbreedmodeland mating nb_o spring_model
In a second phase for each o spring to be produced a pair of &dof the same
patch) parents is assigned. This assignment of the parents the o spring depends
on the mating system (parametematingsystem and on the tness of the parents
if selection acts. Thereby, adults with a higher tness haven average a higher
reproductive success. If no selection acts, i.e. no quaative trait undergoes se-
lection, all parents have a tness of 1, thus the assignmentf ¢he parents to the
o spring depends solely on the mating system. The followingarameters allow to
parameterize this life cycle event:

breed _-model [0,1,2] (default: 0)
This parameter speci es if and how selection acts at the repduction stage.
Selection acts on the phenotype of the quantitative traitsqdee sectiont for
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more details). If no selection acts, i.e. no quantitative &it undergoes selec-
tion, all breeding models result in the same outcome, respieely this param-
eter is ignored.

0 : soft selection. Selection acts locally at the patch level, i.e. patches do
not interact (Wallace, 1975. The number of o spring of a patch depends
solely on the parametemating nb_o spring_-model The parents for each
o spring are randomly drawn taking into account their tnesses (within
a patch). Thus the reproductive output of the patch is indepedent of
its mean tness. Individual's tness is relative to the mean tness of its
patch.

1 : soft/hard selection.  Selection acts at the metapopulation level, i.e. the
total number of o spring of the entire metapopulation is patitioned
according to the mean tnesses of the patchesR@vigne et al, 2009.
Patches with a higher mean tness produce on average more pring.
However, the total number of o spring of the entire metapopudtion de-
pends purely on the parametemating nb_o spring_model Parents are
then allocated to the o spring based on their tnesses. In dter words
the tness of the adults is relative to the mean tness of the retapopu-
lation.

2 : hard selection. The maximal number of o spring of a patch (i.e. if
all individuals have a tness of 1) is de ned by the parametermat-
ing_.nb_o spring_model The e ective number of o spring produced in a
patch is however adjusted by the mean tness of the adults ohts patch
(effective _number = maximal _number meanfitness). The parents
for each o spring are randomly drawn taking into account the tnesses
(within a patch). Thus tness is directly translated into a number of
0 spring.

An example illustrating the distribution of the o spring among two popula-
tions depending on the chosen breeding model (parametgeedmode). Both
populations have a carrying capacity K )of 1000 individuals, the parameter
mating.nb_modelis set to 0, and the mean tnesses of the population$\() are
0.8 and 0.4, respectively:

population 1 population 2

K =1000 K =1000

breeding model W =0:6 W =0:2 total
0 : soft 1000 1000 2000
1 : soft/hard 1500 500 2000
2 : hard 600 200 800

mating _nb _o spring _model [0,1,2,3,4,5] (default: 0)
This parameter speci es how the total number of o spring Noys ) is deter-
mined. This parameter depends on the previous parametbreedmodel In
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case of soft selectionbfeedmodelset to 0) this parameter speci es how to
compute the total number of o spring for each patch separatg In case of
soft/hard selection (oreedmodelset to 1) this parameter speci es how to com-
pute the total number of o spring of the entire metapopulaton. This total
number of o spring of the entire metapopulation is then distibuted among the
patches based on the mean tnesses of the patches. In case afdhselection
(breedmodelset to 2) this parameter speci es the total number of o sprimg
per patch assuming a maximal tness of 1 for all adults.

0 : carrying capacity. Nog = K

. logistic regulation.  Ngg =

. stochastic logistic regulation. Nof = Poisson(N(

The total number of o spring (Noss ) is set to the carrying capacity K,
parameter patch.capacity of the patch or the metapopulation, respec-
tively.

: keep number. Ngi# = N

The total number of o spring (Noss ) corresponds to the number of adults
(N), i.e. the number of individuals is kept constant. Note that areg-
ulation of the patch densities after dispersal can lead to annwanted
continuing reduction of the entire metapopulation size.

: fecundity. Nog = Ngf

The number of o spring (Noss ) depends on the mean fecundity of the
females {) de ned by the parameter meanfecundity

: fecundity (stochastic).  Ngg = Poisson(Ngf)

Same as point 2, but the computation of the total number of o pring

has a stochastic component.

NK (1+r)
N(1+r) N+K

The total number of o spring (Nogs ) is logistically regulated Beverton and Holt,
1957 and depends therefore on the carrying capacit|() and on the pa-
rameter growth rate (r).

NK (1+r)
. . 1+r) N+K .
Same as point 4, but the computation of the total number of o pring

has a stochastic component.

Models and their speci ¢ parameters

model additional parameters

a b~ wWNEFO

. carrying capacity

. keep number

. fecundity meanfecundity
: fecundity (stochastic) meanfecundity
. logistic regulation growthrate

. stochastic logistic regulation growthrate

growth _rate [decimal]
This parameter is mandatory (and only used) if logistic redation is used to
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specify the number of o spring (i.e. parametetbreedmodelset to 4 or 5). It
speci es the growth rate of the population.

mean _fecundity [integer]
This parameter speci es the mean female fecundity. The pargeter is manda-

tory (and only used) if the fecundity of the female speci eshte number of
o spring (i.e. parameter breedmodelset to 2 or 3).

mating _system [0,1,2,3,4] (default: 0)
Five general mating systems are implemented in quantiNEMO. hie assign-
ment of the parents to the o spring is random depending on thdness of the
local parents (if no selection acts all individuals have a riess of 1). Thereby,
adults with a higher tness have on average a higher reprodiiee success):

0 : random mating (hermaphrodite). For each o spring two hermaphrodite
parents are randomly assigned. With probability #N these two hermaphrodites
are identical which leads to sel ng. Females are used to sitate hermaphrodites.

1 : sel ng (hermaphrodite). For each o spring a hermaphrodite is ran-
domly assigned to self fertilize. The parametemating proportionallows
to set the proportion of outcrosses. quantiNEMO controls thathe pro-
portion of outcrosses is met, i.e. that outcrossing does no¢sult by
chance (EN) in sel ng. Females are used to simulate hermaphrodites.

2 : random mating (promiscuity). This is random mating with two sexes.
For each o spring a father and a mother are randomly assigned

3 : polygyny. Depending on the parametemating malesonly one (default)
or several males per patch may reproduce. This xed number mdproduc-
tive males are selected randomly depending on their tnessea.e. the re-
productive males have on average a higher tness. Then foramso spring
a mother and one of these reproductive males are randomly igeed de-
pending on their tnesses. Thus reproductive males with hlger tnesses
have a higher reproductive success among the reproductivales. If no
selection acts (parametetbreedmodelset to 3) the reproductive males
are randomly chosen (all males have the same probability) dach male
has the same probability to father an o spring. The paramete mat-
ing_proportionallows to set the proportion of random matings between
any male and female, i.e. also males of the non-reproductigeoup may
get the chance to reproduce.

4 : monogamy. For each female a male is randomly assigned to be its partner
for all o spring. If there are less females than males presen the patch,
not all males will mate. In contrast, if there are more femagethan males
present in the patch, males may belong to several mating pairFor each
0 spring a parent pair is randomly assigned depending on théness of
the female (if no selection acts the parent pairs have the samrobability
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to be selected). Thus parent pairs, where the females have aher
tness have on average a higher reproductive success. Thergraeter
mating proportionallows to set the proportion of random matings.

Models and their speci ¢ parameters

model additional parameters

0 : random mating (herma.)

1: selng (herma.) mating proportion

2 : random mating (prom.) sexratio

3 : polygyny sexratio / mating _proportion / mating _males
4 : monogamy sexatio / mating _proportion

mating _proportion [decimal] (default: 1)

This parameter allows to specify the ratio of a special matgnsystem in relation
to random mating. A value of 1 (default) means that only the spcial mating

occurs and a value of 0 means that only random mating occursorFexample
if we want to simulate a plant with a sel ng rate of 90% we haved set the
parameter mating system to 1 (sel ng) and this parametemating proportion
to 0.9. These settings will lead to 90% sel ng and 10% randomating. Note,

that quantiNEMO controls that the ratio is met, i.e. that sel ng does not occur
by chance (probability would be EN) when random mating should occur.

mating _males [integer] (default: 1)
This parameter sets the number of males that will be availablfor mating
within each patch. The parameter will only be used if the matig system is
polygyny (parametermating systemset to 3). The range of values is between
1 (a single male mates) and the carrying capacity of the maléall males may
mate).

sex_ratio [decimal] (default: 1)
This parameter allows to specify the ratio of males to femadeof the o spring
in a patch. If hermaphrodites are simulated (parametemating systemis set
to 0 or 1) the sex ratio is not considered, respectively set © (females are
used to simulate hermaphrodites).

3.2 Statistics

After breeding has taken place it is possible to record summyastatistics speci ed
by the parameterstat. Most of the summary statistics can be recorded for o spring
and/or adults and for females and/or males. It is also posdidto set the frequency
(parameter log time) of the recording. At the end of a simulation the summary
statistics are written to a text le. There is the choice to piint the summary statistics
individually per replicate and/or summed up across replidas (mean and variance
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across replicates). In this latter case an additional stagtic namedalive.rpl will be

added which contains the number of alive replicates, i.e. ¢hnumber of simulations
where the populations did not get extinct. If no summary stastics are computed
this event is skipped.

stat _save [0,1,2,3,4,5] (default: 0)
This parameter speci es if the summary statistics should beomputed and how
they should be dumped to le. The summary statistics may be duped to le
for each speci ed generation and replicate separately ( fgeneric name stats.txt"),
or summary statistics may be summed up across replicates byeir mean (le
"generic.name stats.txt") and their variance ( le "generic _.namevar.txt").

0 : All. Outputincludes all types of summary statistic ( les "geneic_namestats.txt",
"generic namemean.txt", and "generic.namevar.txt").

1 : Detailed. Outputincludes only the le containing the summary statisics
for each replicate separately ( le "generimame stats.txt").

2 : Summed up. Outputincludes the les containing the summary statistics
summed up by their mean and variance across replicates ( I&generic name mean.txt",
and "genericnamevar.txt").

3 : Mean. Output includes only the le containing the summary statisics
summed up by their mean across replicates ( le "generigame mean.txt").

4 : Variance. Outputincludes only the le containing the summary statisics
summed up by their variance across replicates ( le "generitame.var.txt").

5 : None. No summary statistics are written. The life cycle event "Stastics"
Is skipped.

Whenever the summary statistics are output (parametestat savenot set to
3) a le named "genericnamelegend.txt" containing a small description of
the summary statistics is also generated.

stat _log _time [integer] (temporal/default: 1)
This is the time interval at which summary statistics are reorded. The interval
must range between 1 and the number of generations. Since thaameter
may change over time (temporal parameter) the summary statics may be
computed for any generation:

stat_log_time (1 1, 10 10, 100 100)

In this example for the rst 9 generations the summary statiscs are computed
every generation, from the tenth until generation 99 they & computed at
every tenth generation, and from the generation 100 every hdred generation.
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stat _dir [string] (default: ™)
This parameter is used to specify a subdirectory within theimulation folder
(parameter folde) where the summary statistic les will be stored. If the
parameter is not set, the les will be stored in the simulatia folder.

stat [string/matrix]

This parameter allows to specify the summary statistics todocomputed. The
arguments are key words standing for one or multiple summastatistics. If
multiple key words are passed they have to be written as a matrwithin
brackets separated by space. The available key words and itheorresponding
summary statistics are listed in the corresponding simuletn component sec-
tion in this manual. Summary statistics about the demograppmay be found
in section 5.3, summary statistics about quantitative traits may be foundin
section6.8, and summary statistics about neutral markers may be foundisec-
tion 7.7. If no arguments are speci ed this event will be skipped. Iftsnmary
statistics are specied, which cannot be computed since theorresponding
component is missing (e.g. F-statistics of neutral loci caonly be computed
if neutral markers are simulated) a warning will be given.

stat fn.adlt.fstat
# q.adlt. fstat
guanti
adlt.demog

In this example the summary statistics for the key words.adlt.fstat, quanti,
and adlt.demoare considered by quantiNEMO, while the key word.adlt.fstat
is commented out.

3.3 Output

quantiNEMO can also produce les with the raw genetic and phetypic data. Geno-
types of neutral markers and quantitative traits can be dumed to le in the FSTAT
format (Goudet, 1995. For quantitative traits, the phenotypes may also be writ-
ten to a le for any generation, sex or age. The selection of ¢hvarious outputs is
done in the corresponding simulation components (neutrakgotype see sectioid.6,
guantitative trait genotype see section6.7.1, and quantitative trait phenotype see
section 6.7.3. If no output is desired this event is skipped. After each opiut a
script may be launched to process the output.

3.4 Aging

This life cycle event simply removes the adults present.
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3.5 Regulation o spring

This event performs population regulation before disperka.e. at the o spring
stage. Due to dispersal some patches may be overcrowded. sThie cycle event
allows to regulate the population sizes down to carrying capity. In fact the reg-
ulation should only be used if there is no regulation at the lkeding stage, i.e. if
the parameterbreedmodelis set to 1 (keep number), 2 (fecundity), or 3 (fecundity
stochastic).

regulation _model _o spring [0,1] (default: 0)

0 : no regulation. No population size regulation takes place at the o spring
stage, i.e. overcrowding can occur.

1 : random regulation.  For each patch quantiNEMO regulates the popu-
lation size down to its carrying capacity if the population ze exceeds
carrying capacity. Individuals are thereby randomly remao®d. No regu-
lation takes place if the population size is lower than carigg capacity.

3.6 Dispersal

This life cycle event allows the exchange of individuals be¢en populations. The

dispersal rates may vary among patches, sexes and time. Saleispersal models

are available (see parametatispersamode). It is also possible to specify a dispersal
matrix, which will have precedence over other dispersal paneters. After dispersal,

individuals become adults. By default (if none of the folloimg parameters are set)

individuals do not disperse among patches.

dispersal _rate

dispersal _rate _fem

dispersal _rate _mal [decimal/matrix] (temporal/default: 0)
These parameters allow to set the emigration rate. If the augnent is a single
value the dispersal model used depends on the other paranmstef this section.
But it is also possible to specify the dispersal rate explity between each
pair of patches (for both directions) if the argument is a matx. A dispersal
matrix has precedence over all other dispersal settings. &hmatrix must be
patch _numberx patch _numberin dimensions. Eacld; element of this matrix
is the dispersal probability from patchi to patch j, wherei speci es the row
and | the column of the matrix. Consequently the values in a row mtsum
up to 1. The dispersal rates can either be speci ed for bothses in general or
for each sex separately. If the dispersal rates are sex spettie dispersal rates
for both sexes have to be speci ed and they have to be in the sanformat
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(matrix or a single dispersal rate). Sex speci c dispersaates have precedence
over a general dispersal rate. Note, that the dispersal matrhas to be fully
speci ed, i.e. the matrix is not adjusted to the number of pathes as for other
parameters.

dispersal _model [0,1,2,3] (default: 0)

The following dispersal models can be speci ed, if the disgsal rate is a single
rate:

0 : Migrant-pool Island model. If the dispersal rate ism and the number
of patches isn,, the probability to disperse to anyn, 1 non-natal patch
is % while the probability to stay at home is 1 m.

1 : Propagule-pool Island model.  In that modi ed version of the Island

model a proportion of emigrants from a patch (parametetispersapropaguleprob

') disperse to the same non-natal patch. This propagule patclaries
among patches and is reassigned at each generation. Eachpoisg of
a patch has a probabilitym' to migrate to this propagule patch. With
probability mn(; 52, it will disperse to any patch but its natal or propagule
patch. With a probability of 1 m it will stay at home.

2 : 1D Stepping-Stone model.  Inthe one dimensional Stepping Stone model
patches are placed on a line and migrants can only move to orfalee two
adjacent patches. If the dispersal rate im, the probability to disperse to
one of the adjacent patches ism=2 while the probability to stay at home
is1 m. The parameterdispersal _border _modelallows to specify how

to treat the border patches.

3 : 2D Stepping-Stone model.  In the two dimensional Stepping-Stone model

patches are placed on a grid (or lattice) and migrants can mewvo 4 or

8 adjacent patches (set by thalispersalattice range parameter below).

If the dispersal rate ism, the probability to disperse to one of the ad-
jacent patches ism=4 or m=8 depending on the the parametedisper-
sallattice_range while the probability to stay at home is 1 m. The
parameter dispersabordermodelallows to specify how to treat the bor-
der patches and the parametedispersalattice dimsallows to specify the
dimensions of the grid.

Models and their speci c parameters
model additional parameters
0 : Migrant-pool Island
1 : Propagule-pool Island dispersgbropaguleprob
2 : 1D Stepping-Stone dispersdiorder model
3 : 2D Stepping-Stone dispersdiorder model / dispersallattice _range /
dispersallattice _dims




CHAPTER 3. LIFE CYCLE 30

dispersal _lattice _range [0,1] (default: 0)
This parameter sets the number of neighboring patches usext tlispersal. The
dispersal probabilities to these adjacent patches ara=4 in the rst case and
m=8 in the second. This parameter is only used in the 2D Stepph&jone
model (parameterdispersamodelset to 3).

0 : 4 neighbors. 4 adjacent patches (up, down, left and right)
1 : 8 neighbors. 8 adjacent patches (as before plus the diagonals)

dispersal _border _model [0,1,2] (default: 0)
This parameter speci es how the patches at a border of the $ting Stone
model should be treated:

0 : Circle/Torus. In the 1D Stepping-Stone model the rst and last patches
are connected to each other by migration leading to a circldn the 2D
Stepping-Stone model individuals of an edge patch may migeato the
other side leading to a torus (donut world). This means thathere are
no edges, eliminating any such e ects.

1 : Re ective boundaries.  The borders are re ective. Dispersers from the
border patches cannot move beyond the border. Border cellave thus
less cells connected to them and their dispersal probabiéis to the adja-
cent patches are higher (e.gm for the 1D Stepping-Stone modelm=3
(cornersm=2) for the 2D Stepping-Stone model with four adjacent cells,
and m=5 (cornersm=3) for the 2D Stepping-Stone model with eight ad-
jacent cells). No dispersers are lost.

2 . Absorbing boundaries.  Dispersers of the border patches are lost if they
choose to move beyond the border. The dispersal probab#isi of a border
patch are not modi ed.

dispersal _lattice _dims [matrix]

This parameter allows to specify the length and width of the @ Stepping-
Stone lattice (only used whendispersamodelis set to 3). The argument is
an integer matrix with two values. The rst value stands for the number of
rows, and the second value for the number of columns. The proat of the two
values results in the number of patches and thus must match e¢hparameter
patchnumber If the parameter is not set quantiNEMO assumes that the 2D
Stepping-Stone lattice is quadratic. If this is not possilel due to the number
of patches an error is returned.

dispersal _propagule _prob [decimal] (temporal/default: 1)
This parameter is only used for the Propagule-pool Island rdel (parameter
dispersamodelset to 1). It speci es the probability that a migrant will move
to the propagule-assigned patch, i.e. this is also the progion of emigrants
of a patch which migrate to the same non-natal patch. A probality of 1
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means that all emigrants migrate to the same non-natal patc¢twhile a value
of 0 means that all emigrants migrate to any patch, but the natl and the
propagule patch.

Example
The following example de nes a metapopulation of 12 patchemranged in a two

dimensional grid shown below:

patch_number 12
dispersal.model 3
dispersal_lattice _dims f4 3g
dispersal_rate 0.1

3.6.1 Density dependent dispersal rate

By default the dispersal rate is not in uenced by the populabn size. The following
parameters allow to de ne a generalized logistic functiorRichards 1959 to specify
a relationship between the dispersal rate and the populatiodensity (population
size divided by the carrying capacity). The generalized lggic function de nes a
factor (f ) which is then multiplied with the dispersal rate (paramete dispersalate):

max min
(1 + S er(D'Max D))l:S

f = min +

Where min is the lower asymptote (parameterdispersamin), max is the upper
asymptote (parameterdispersamay), r is the growth rate (parameterdispersabrowth.rate),
D:,.. Isthe population density with the maximal slope (parametedispersamaxgrowth),
D is the current population density (N=K ), and s de nes the symmetry of the curve
(parameter dispersakymmetry.



CHAPTER 3. LIFE CYCLE 32

1.0

factor
0.6

0.4

0.2
|

0.0
|

T T T T T I
0.0 0.2 0.4 0.6 0.8 1.0

population density (N/K)

In this gure the growth rate of the curve has a very high valueof 1e* (default value

of parameterdispersafgrowth.rate). This results in a sharp change of the factor from
the lower asymptote (parametedispersak_min) to the upper asymptote (parameter
dispersak_-max: Below the threshold (parameterdispersamaxgrowth), i.e. when

the population density is low no migration occurs since theattor is zero. If the

population size is larger than the half of the carrying cap@y the patch sends

emigrants at the set dispersal rate (parametedispersalate) since the factor is 1.

dispersal _k _min [decimal] (temporal/default: 0)
This parameter speci es the lower asymptote of the slope.

dispersal _k _max [decimal] (temporal/default: 1)
This parameter speci es the upper asymptote of the slope.

dispersal _k_max _growth [decimal] (temporal/default: -1)
This parameter speci es the population density with the mainal change.

dispersal _k _growth _rate [decimal] (temporal/default: 1e%)
This parameter speci es the slope of the curve. The high defth value of 1e*
implies that the slope is more or less vertically, i.e. thathite change between
lower and higher asymptote is instantaneously. Thus the pameter disper-
salk_maxgrowth serves as threshold of the population density below which
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the factor is set to the value of the parametedispersak_min. Above the
threshold the factor is set to the value of the parametedispersak max

dispersal _k_symmetry [decimal] (temporal/default: 1)
This parameter speci es the symmetry of the curve. The def#uvalue of 1
results in a symmetric curve.

3.7 Regulation adults

This event performs population regulation after migration Due to dispersal some
patches may be overcrowded. This life cycle event allows tegulate the population

sizes down to carrying capacity. In fact the regulation shad only be used if there
is no regulation at the breeding stage, i.e. if the parametdreedmodelis set to 1

(keep number), 2 (fecundity), or 3 (fecundity stochastic).

regulation _model _adults [0,1] (default: 0)

0 : no regulation. No population size regulation takes place at the adults
stage, i.e. overcrowding can occur.

1 : random regulation.  For each patch quantiNEMO regulates the popu-
lation size down to its carrying capacity if the population ze exceeds
carrying capacity. Individuals are thereby randomly rema®d. No regu-
lation takes place if the population size is lower than carigg capacity.

3.8 Extinction

This event allows to randomly wipe out populations. The proability that a pop-

ulation goes extinct is speci ed by the parameteextinctionrate. If a patch goes
extinct, all individuals of the patch are removed. If the exnhction rate is zero this
event is skipped.

extinction _rate [decimal] (default: 0)
Extinction probability of a patch at each generation.
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Simulation

This section describes general parameters of a simulation:

generations [integer]
Number of generations to perform per replicate. This paramet is mandatory,
and has no default.

replicates [integer] (default: 1)
Number of replicates to perform per simulation. Replicatesra identical sim-
ulations (in terms of parametrization), but their outcome nay di er due to
stochastic events.

folder [string] (default: "simulation _yyyy-mm-dd _hh-mm-ss")
This parameter speci es the folder for the output. The defat argument of
this parameter di ers from the rules, as the default folder ame is dynamic, i.e.
comprises the start time and date of the simulation. The detdt folder name
is "simulation_" with the date and time as su x in the format "yyyy-mm-
dd_hh-mm-ss" (Year-Month-Day Hour-Minute-Second). This dynamic default
folder name allows to store each simulation separately, aslong that previous
outputs are overwritten. If the parameter is set, the passedrgument will be
used as folder name (i.e. without any addition of the time). nl this case it
may happen that the new output wants to overwrite previous aiputs. The
parameteroverwrite(see below) allows to specify the rules for overwriting othe
outputs. If the output should be stored directly in the workng directory this
parameter has to be listed in the settings le followed by anmpty argument
" (for this special parameter an empty argument is not idental to a missing
one).

overwrite [integer] (default: 0)
This parameter speci es how present output is treated if the is a danger of
overwriting:

34
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0 : no. If the output of the running simulation will overwrite present les,
quantiNEMO will ask the user how to proceed@o you want to overwrite
all the les that use it ? (y(es)/n(o)/s(kip)): ), and will suspend the
simulation until the user responds to the question.

1 : yes. Present output is overwritten without asking.

lename [string] (default: "simulation™)
This name will be used as the base lename for all outputs. Theutput le
extensions are added to this base lename. If a le is writteron a replicate-
periodic basis, the replicate number will be added betweehd base name and
the extension, so that the same le is not overwritten periodally. The same
is true concerning generation-periodic les (see sectidhd).

The base name may include the special expansion charactet 9ed to build
lenames when sequential parameters are present in the inppparameter le.
See the discussion on sequential parameters in sectiid.2

log le [string] (default: "quantinemo.log")
This is the le name (including the extension) for the log lein which the
simulation logs are recorded. This log le is stored next tohe executable
and records the main information of each simulation, such &lse elapsed time
for the simulation and the replicates and the time of the starand end of a
simulation. By default, quantiNEMO will save all this information in a le
named "quantinemo.log".

log le _type [0,1,2] (default: 0)
For each simulation a log le is created containing the settigs of the simu-
lation. The le is created for each simulation and is storedni the simulation
folder (parameterfoldern. The name of the log le is composed of the base
name (parameter lename) and the su x ".log". There are three possibilities
to store this le:

0 : as input. The le contains the same parameters as the settings le, ptu
the parameterseed

1 : minimal. The le contains a minimal set of parameters still able to per
form the same simulation. All parameters of the settings le Wich were
set to the default value are not reported.

2 : maximal. The le contains all parameters, including the ones not seni
the settings le. For each parameter the type, the default vae, if it is a
temporal parameter, and a possible range limit is added asmoment.

seed [integer/matrix] (default: -1)
This parameter speci es the seed which will be used to initiae the random
number generator. It is possible to pass a single number agden the range
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of 0 to 4,294,967,295 depending on the computer system (esponding to
an unsigned long in C++). To increase the number of possiblesads it is
possible to pass an array of seeds (up to 624) to quantiNEMO ipeci ed

as a one dimensional matrix. If the seed is not set (i.e. is stt -1) the

random generator is initialized by the time, i.e. a matrix wih two seeds is
used. Thereby the rst number is the time in seconds since 11B70 (function

time(NULL) in C++), and the second number is the number of clock ticks
elapsed since quantiNEMO started (functiorclock() in C++).

seed 2354135 20234510 30345120 456300 50363450

postexec _script [string] (default: ™)

genetic _map _output [0,1] (default: 0)
quantiNEMO allows simulating linked neutral markers and QTls. The sec-
tions 6.6 (for QTLs) and 7.5 (for neutral loci) describe how to specify the
corresponding genetic map. The parametgeneticmap output allows to spec-
ify if the underlying genetic map is dumped to le or not.

0 : output. The genetic map is dumped to le for every replicate if the gegtic
map was simulated, i.e. if at least one of the parametegsiantilocipositions
guantilocipositionsrandom ntrl_locipositions and ntrl_locipositionsrandom
are set. The output is named "genetianap.txt" and is stored in the sim-
ulation folder. If multiple replicates are simulated a reptate counter
(example _r3) is inserted before the extension.

1 : no output. The genetic map is never dumped to le.

sampled _patches [integer/matrix] (default: 0)

By default summary statistics and all other outputs (genotpes, genotypic and
phenotypic values) consider all patches. The parameteampled _patches al-

lows to make a selection among the patches. In this case thesuary statistics

are only computed among the sampled patches and genotypesngtypic and

phenotypic values are only dumped to le for these selectedajches. This
parameter thus allows for example to investigate di erent@ampling schemes.
There are di erent methods to de ne the sampled patches:

matrix. Using a one dimensional matrix as argument allows to de ne ekg-
itly the patches to sample. Please note that for this paramet a matrix
has to be de ned fully, i.e. all patches to sample have to bested in the
matrix and a single number is not expanded to a matrix.

number. If the argument is a single number the patches to sample areaivn
randomly. In this case the passed number speci es the totalmber of
patches to sample. Patches are drawn randomly for each rejalie, but
remain the same during a simulation.
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0. This is the default value. Also a single number, but in this casall patches
are sampled.
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Metapopulation

This section describes general parameters concerning thetapopulation:

patch _number [integer] (default: 1)
This parameter speci es the number of patches in the metapafation.

5.1 Population sizes

This section allows to specify the carrying capacities of ¢hpatches and the initial
populations.

patch _capacity
patch _capacity _fem
patch _capacity _mal [integer/matrix] (temporal)

These parameters allow to set the carrying capacities of tipatches. The car-
rying capacity of a patch is the maximal number of individua that a patch
may support. The carrying capacities may vary among sexesatphes, and
time. The carrying capacities have to be specied either foeach sex sep-
arately (parameters patch capacityfem and patch.capacitymal), or for both
sexes together (parametepatch.capacity. In the rst case both sex specic
parameters have to be set if two sexes are simulated. In thdtéx case the
carrying capacities for females and males are assumed to 8entical, i.e. the
carrying capacity of females and males gtch capacity=2. If hermaphrodites
are simulated the parametergatch capacityand patch capacityfem are iden-
tical. In case all three parameters are set, only the sex specparameters
will be used as they are more informative. To set the carryingapacities in-
dividually for each patch a matrix is needed. The matrix is adsted to the
number of patches if necessary (see secti@r8.5.4. If all patches have the
same carrying capacities a single number as argument is suent to specify the

38
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carrying capacities. If the initial population sizes (pareeter patch.ini_sizg are
not speci ed the simulation will start with all the populati ons set at carrying
capacity.

Examples
The following example de nes a metapopulation of 5 patchesaeh with a
carrying capacity of 100 individuals:

patch_number 5
patch_capacity 100

If the carrying capacities vary between patches the follomgy de nition with a
matrix may be used:

patch_number 5
patch_capacity f100 200 300 400 50§

In the following example, however the matrix of the parametepatch capacity
will be adjusted by quantiNEMO to meet the number of patches. fiis will
result in 10 patches with the carrying capacities 100, 20003, 400, 500, 100,
200, 300, 400, and 500.

patch_number 10
patch_capacity f100 200 300 400 509

If the carrying capacities are de ned for each sex separayaboth sex specic
parameters must be present if two sexes are simulated:

patch_number 5
patch_capacity_fem f100 200 300 400 50§
patch_capacity_mal f200 400 600 800 100®

In the following example the carrying capacity is specied ith too many
parameters. As the sex speci c parameters are more informegi, they have
precedence over the global setting of carrying capacitied000) which will
therefore be ignored:

patch_number 5

patch_capacity 1000
patch_capacity_fem f100 200 300 400 50&
patch_capacity_mal f200 400 600 800 10Q0®

patch _ini _size
patch _ini _size_fem
patch _ini _size_mal [integer/matrix]

These parameters allow to set the initial population sizesf the patches, i.e.
the populations sizes present at the beginning of the simtilen. These param-
eters are optional. If none of these parameters is set, i.detinitial population
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sizes are not set, the simulation will start with all the poptation sizes set at
carrying capacity. The initial population sizes may vary armang sexes, and
patches. The initial population sizes have to be speci edthier for each sex
separately (parameterspatchini_sizefem and patchini_sizemal), or for both
sexes together (parametgpatch.ini_sizg. In the rst case both sex speci c pa-
rameters have to be set if two sexes are simulated. In the lattcase the initial
population sizes for females and males are assumed to be iaah i.e. the ini-
tial population size of females and males match.ini _size=2. If hermaphrodites
are simulated the parametergatch.ini_sizeand patch.ini_sizefemare identical.
In case all three parameters are set the sex speci ¢ parametevill be used
as they are more informative. To set the initial population igzes individually
for each patch a matrix is needed. The matrix is adjusted to # number of
patches if necessary (see secti@i3.5.9. If all patches have the same initial
population sizes a single number as argument is su cient topecify the initial
population sizes.

5.2 Selection pressure

Phenotypes for quantitative traits (see sectior) may be under selection. Selection
pressures may vary among quantitative traits, sexes, patel, and time. To specify
the selection pressure individually for quantitative trais and patches, matrices may
be used. They are adjusted to the number of quantitative tré and to the number
of patches if needed (see sectidh3.5.9. If a parameter does not change among
guantitative traits and patches, a single value may be usedsargument. Selection
pressures have to be specied either for each sex separat@arameters with the
sux" _fem" for females and "mal” for males), or for both sexes together (param-
eters without a su x). In the rst case both sex specic parameters have to be
set if two sexes are simulated. In the latter case the selemti pressure of females
and males are assumed to be identical. Each row of the matriwrcesponds to a
guantitative trait, each column to a patch:

f f patch_1 patch_.2 . . . patch_ng # trait 1
f patch_1 patch.2 . . . patch.ng # trait 2
f patch_1 patch_.2 . . . patch.ng g # trait m

quantiNEMO supports two types of selection, stabilizing andlirectional selection.
The type of selection may vary among quantitative traits, btinot among patches and
sexes. Selection pressure may change through time, allogvgsimulating a dynamic
environment such as global warming.
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5.2.1 Stabilizing selection

Stabilizing selection may act on the phenotypeR) of quantitative traits. The
selection pressure is de ned by the parametergatchstahseloptima (Zo,:) and
patchstab selintensity (! ). The tness (W) of a quantitative trait is computed
using the following standard Gaussian function for stabiing selection:
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patch _stab _sel_optima
patch _stab _sel optima _fem
patch _stab _sel_optima _mal [decimal/matrix] (temporal/default: 0)

These parameters allow to set the selection optimumy,;: for each patch and
guantitative trait.

patch _stab _sel_intensity
patch _stab _sel_intensity _fem
patch _stab _sel_intensity _mal [decimal/matrix] (temporal/default: 1)

These parameters allow to set the selection intensity for each patch and
guantitative trait. A small value results in a strong seledbn pressure, whereas
a large value results in a weak selection pressure.
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patch _stab _sel_optima _var [decimal/matrix] (default: 0)
This parameter speci es the variance of the normal distribiion by which the
selection optimum varies between generations (e.g. annuattuations of the
mean temperature). By default the local selection optimumaks not vary.

patch _stab _sel_intensity _var [decimal/matrix] (default: 0)
This parameter speci es the variance of the normal distribiion by which the
selection intensity varies at each generation (e.g. annualctuations of the
mean temperature). By default the local selection intensitdoes not vary.

Example
patch_number 2
guanti_nb_trait 3
patch_stab_sel_.optima ff 0.1 0.1g
f 0.2 0.2
f 0.3 0.39g
patch_stab_sel.intensity 1

In this example the environment consist of two patches witharying selection pres-
sures. Three quantitative traits are simulated. The rst trait has a selection opti-
mum at -0.1 in patch 1 and at 0.1 in patch 2. The selection optiom of the second
trait is the same in both patches (0.2). The third trait has anoptimum at -0.3 in

patch 1 and at 0.3 in patch 2. The intensity of the selection iglentical for all three

traits and in both patches.

5.2.2 Directional selection

Directional selection may act on quantitative traits. The tness (W) of a quanti-
tative trait is computed using the following generalized Igistic function (Richards
1959:

max min

W = min +
(1+ S er(P’Max P))]-:S

Where min is the lower asymptote (parametepatch dir_selmin), max is the upper

asymptote (parameterpatch dir_.selmax), r is the growth rate (parameterpatch dir_selgrowth rate),
Pru. IS the phenotype with the maximal slope (parametgpatch dir_selmax.growth),

ands de nes the symmetry of the curve (parametepatch.dir_selsymmetry the curve

is symmetric by default (value 1)).

patch _dir _sel_min
patch _dir _sel_min _fem
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patch _dir _sel_min _-mal [decimal/matrix] (temporal/default: 0)
These parameters allow to set the lower asymptote of the setien curve for
each patch and quantitative trait.

patch _dir _sel_max

patch _dir _sel_max _fem

patch _dir _sel_max _mal [decimal/matrix] (temporal/default: 1)
These parameters allow to set the upper asymptote of the setien curve for
each patch and quantitative trait.

patch _dir _sel_growth _rate

patch _dir _sel_growth _rate _fem

patch _dir _sel_growth _rate _mal [decimal/matrix] (temporal/default: 1)
These parameters allow to set the slope of the selection cerfor each patch
and quantitative trait. If the argument is positive larger phenotypes have a
higher tness, while if negative smaller phenotypes have dadgher tness.

patch _dir _sel_max _growth

patch _dir _sel_max _growth _fem

patch _dir _sel_max _growth _mal [decimal/matrix] (temporal/default: 0)
These parameters allow to set the phenotype with the maximalrowth.

patch _dir _sel_symmetry
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patch _dir _sel_symmetry _fem

patch _dir _sel_symmetry _mal [decimal/matrix] (temporal/default: 1)
These parameters allow to set the symmetry of the curve. Theefhult value
of 1 results in a symmetric slope.

patch _dir _sel_growth _rate _var [decimal/matrix] (default: 0)
This parameter speci es the variance of the normal distribtion by which the
selection slope varies at each generation (e.g. annual wettions of the mean
temperature). By default the local selection slope does ngary.

patch _dir _sel_max _growth _var [decimal/matrix] (default: 0)
This parameter species the variance of the normal distribiion by which
the phenotype with maximal growth varies at each generatiofe.g. annual
uctuations of the mean temperature). By default the local fenotype with
maximal growth does not vary.

patch _dir _sel_symmetry _var [decimal/matrix] (default: 0)
This parameter speci es the variance of the normal distribtion by which the
symmetry of the curve varies at each generation (e.g. annualctuations of
the mean temperature). By default the symmetry of the slopeaks not vary.

Example

patch_dir _sel_growth _rate 1
patch_dir _sel_.max_growth 0
patch_dir _sel_.symmetry 1

In this example the selection pressure for all patches andantitative traits are iden-
tical and set to the default values. The speci ed directionaselection pressure favors
larger phenotypes (parametepatch dir_selgrowth rate is positive). This means that
individuals with larger phenotypes have on average highetnesses and thus higher
reproductive successes.

5.2.3 Multiple traits with varying types of selection

A special case arises if multiple quantitative traits are siulated with varying types
of selection. The problem is how to specify the individual kection pressures. This is
a more technical problem which | would like to illustrate heg. First, quantiNEMO
investigates which types of selection will be simulated bed on the settings le.
Then, quantiNEMO sets for each simulated type of selection écorresponding pa-
rameters assuming one selection type after the other thatl @uantitative traits have
the same type of selection: assuming for example rst that lauantitative traits
are under stabilizing selection, then in a second step assagthat all quantitative
traits are under directional selection. This detail is impdant to understand since
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this makes it clear how a matrix is treated, i.e. how a matrixg expanded if needed.
Of, course nally the selection pressure parameters are grdet where needed, i.e. if
the type of selection for a given quantitative trait require the parameter. In other
words the matrix of a selection pressure has to have the numi# rows of the total
number of traits, and not only of the traits with the correspmding selection pres-
sure (this is controlled by quantiNEMO returning a warning ifnot met). If multiple
guantitative traits are simulated with varying selection pessures it is handy to use
the row indicator for the rows of the matrix. Example:

patch_number 3
guanti_nb_trait 5
guanti_selectionnmodel 0
guanti_selection.model_.3 1
patch_stab_sel_.optima ff
ff

1: 12
patch_dir _sel_.growth _rate 3: 45 69

In this example the rst two quantitative traits are under stabilizing selection,
whereas the three last quantitative traits are under direddbnal selection. Using
the row indicator it is possible to set the selection presseirdirectly for the required
guantitative trait. However the following parameterizatian is equivalent to the upper
one:

patch_number 3

guanti_nb_trait 5

guanti_selectionmodel 0

guanti_selection.model_3 1

patch_stab_sel.optima ff 1 2 3gf2 3 49f9 9 9f9 9 9gf9 9 g
patch_dir _sel_growth _rate ff 9 9 99f9 9 9gf4 5 6gf7 8 7gf2 3 2g9g

In the example above the rows consisting of the number nineearead but then not
taken into account, since the rows do not correspond to the mrect quantitative
traits. Caution if you are using matrix expansions since tlsimay lead to unwanted
con gurations as shown below:

patch_number 3

guanti_nb_trait 5

guanti_selection_model 0
guanti_selection.model_3 1

patch_stab_sel.optima ff 1 2 3gg

patch_dir _sel.growth_rate ff 4 5 6gf2 3 79f2 8 3gg

In this example the growth rate are as follows:

1. trait: stabilizing selection optima: f1 2 3g
2. trait: stabilizing selection optima: f1 2 3
3. trait: directional selection growth rate: f2 8 3g
4. trait: directional selection growth rate: f4 5 6g
5. trait: directional selection growth rate: f2 3 7g
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Maybe this behavior was desired, but it could also well be th@ne anticipated the
following speci cation which is wrong:

trait: stabilizing selection optima: f1 2 3g
trait: stabilizing selection optima: f1 2 3g
trait: directional selection growth rate: f4 5 6g
trait: directional selection growth rate: f2 3 79
trait: directional selection growth rate: f2 8 3g

a b~ wNPE

Why is this not the case? Assume that all quantitative traits a under directional
selection. Thus the matrix of the growth rate has to be repeat leading to the
following full matrix: ff 4 5 6yf2 3 9f2 8 Pf4 5 &@f2 3 Ig. This matrix expansion
leads to a warning indicating that the number of rows is not arentire subset of
the number of quantitative traits. Based on this matrix it is now obvious that the
growth rate of the third quantitative trait (thus the rst tr ait under directional
selection) has the growth rate$2 8 3y and notf4 5 &.

5.3 Summary statistics

The summary statistics listed in the table below are availdb for demography of
the populations. The columnStat namecontains the name of the summary statistic
used to specify which summary statistics are computed (pareeter stat, for details

see sectiorB.2). These names appear also in the output le. The columBescription
contains a short description of the summary statistics.

Some of the summary statistics are available for adults andspring (indicated by
(adlt/o ) ). To obtain a certain summary statistic for adults the pre x adlt. has to
be added to the summary statistic name (e.gadlt.allnh, respectively the pre xo .

to obtain the summary statistic for o spring (e.g. o .allnb).

Some of the summary statistics are computed for each patchpseately (indicated
by (computed for each patch)n the table). Depending on the number of patches
this may lead to the computation of a large number of summarytatistics. The
names of such summary statistics are marked in the output levith the index of
the patch: "_pX", respectively "_pX-Y " for pairwise summary statistics. X andY
stand for the patch index starting with 1.

The summary statistics are computed for every quantitativérait. If several quanti-
tative traits are simulated the post x " _tY" is added to the summary statistic name
in the output le.

The summary statistic name (columnStat namé may be used to specify the sum-
mary statistic to be computed (e.g.adlt.nbing. Similar summary statistics (within
a thematic group) may be obtained at once using the name withisquare brackets
after the group title (e.g. adlt.demq. Using this group statistic name all summary
statistics of the thematic group marked with a star (*) will be computed.



CHAPTER 5. METAPOPULATION 47

Table 5.1: Summary statistics available for the demographistructure

Stat name Description
Demography[(adlt/o ).demo]
(adlt/o ).nbind total number of individuals in the metapop ulation*
(adlt/o ).nbFem total number of females in the metapopulation*
(adlt/o ).nbMal total number of males in the metapopulatio n*
(adlt/o ).meanind mean number of individuals per inhabited patch*
(adlt/o ).meanFem mean number of females per inhabited path*
(adlt/o ).meanMal mean number of males per inhabited patcl
(adlt/o ).sexRatio sex ratio ( femn?;‘f:s )*
(adlt/o ).nbPops number of inhabited patches*
(adlt/o ).nbind _p number of individuals in patchi
(adlt/o ).nbFem _p number of females in patch
(adlt/o ).nbMal _p number of males in patch
Patch extinction [ext.rate]
ext.rate proportion of extinct patches in the metapopulaion*
Fecundity [fecundity, available only for adults]
fem.meanFec mean realized female fecundity*
fem.varFec mean variance of realized female fecundity*
mal.meankFec mean realized male fecundity*
mal.varFec mean variance of realized male fecundity*
Kinship [(adlt/o ).kinship]
(adlt/o ).fsib mean proportion of full-sib*
(adlt/o ).phsib mean proportion of paternal half-sib*
(adlt/o ).mhsib mean proportion of maternal half-sib*
(adlt/o ).nsib mean proportion of non-sib*
(adlt/o ).self mean proportion of selfed o spring*
Migration [migration, available only for adults]
emigrants mean number of emigrants per patch*
immigrants mean number of immigrants per patch*
residents mean number of residents per patch*
immigrate mean eective immigration rate per patch*
(immiglrn;rrglsgr?-nrtessidents )
colonisers mean number of colonizers per extinct patch*
colon.rate mean e ective colonization rate of extinct pateces*
Fitness [ tness, available only for adults]
VwW variance of the tness of adults within patches*

Table 5.1 continued on next page
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Stat name Description
VwB variance of the tness of adults between patches*
meanW._p mean tness of adults in patchi (computed for each patch)
varW _p

variance of the tness of adults in patchi (computed for
each patch)

Table 5.1: Summary statistics available for the demographic strugticontinued




Chapter 6

Quantitative traits

guantiNEMO allows the simulation of multiple quantitative traits each having its
own speci cations. Each quantitative trait is de ned by oneto many loci each
with up to 256 alleles. The allelic e ects at each locus can lFawn from a normal
distribution or can be set explicitly. Mutations are implenented with several models.
The trait determinism can be purely additive, or include dormance and/or epistatic
interactions among loci. Environmental e ects can also beesin di erent ways:

P=G+E

nytoci
G11020.5i 020 = 1100005 0.0 + a + ao+ ki Ojaio aij
i=1

Where P is the phenotype of the trait, G the genotypic value, andE the envi-
ronmental contribution to the trait. Gy 0. iS the genotypic value of genotype
1122%::0i%:: (1 and 1° are the alleles of locus 1, 2 and°are the alleles of locus 2,
...), g Is the e ect of the rst allele of locusi, a is the e ect of the second allele
of locusi, kjo is the dominance value between allefieand i® and 15000 0. iS the
epistatic value of genotype 122::ii %:: .

Each quantitative trait can have its own selection pressuravhich may be stabilizing
or directional selection, or the trait can be neutral. The dection pressure may vary
in time and space. A gquantitative trait is at least speci ed ly the number of loci and
number of alleles. In this minimal de nition the genotypic \alue of the quantitative
trait is purely additive and the traits does not undergo any ratation. By default
only additive genetic e ects are simulated and each new pofation is initiated by
assigning random allelic values within the rang§l, quanti _all] to each locus
thus assuring a very large initial variance.

49
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6.1 Architecture

quanti _loci [integer]
This parameter speci es the number of loci de ning the quantative trait.
This parameter is mandatory for the simulation of a quantitéive trait.

qguanti _all [1 to 256] (default: 255)

This parameter speci es the maximal number of alleles perdas (same number
for each locus).

6.1.1 Allelic e ects

Each allele has an allelic e ect, its contribution to the geatype. There are two
possibilities to de ne these e ects. Either they are de nedexplicitly for each allele
using a separate le (see parametequantiallelic le), or they can be de ned by
specifying the variance of the normal distribution of the &tlic e ects (see parameter
guantiallelicvar). If the allelic e ects are de ned in both ways the explicity de ned
e ects are used. Note, that all e ects have to be de ned in the @ame way, i.e.
explicitly or by their distribution.

guanti _allelic _le [string] (default: ")

This parameter allows to pass the name of a le containing &lic informations,

such as the allelic e ects, the mutation frequency, and/orte initial frequency.

The information passed by this le has precedence over othsettings, however
the number of alleles and loci has to be in line with the pararners quantiloci

and quantiall. The information can be set globally for all loci, if they hae

the same speci cations, or for each locus separately. Thdddic le has the

following format:

#Allelic file

HHHHHHHH

[FILE _INFO] f
col_locus 1
col_allele 2
col_allelic_value 3
col_mut _freq 4
col_ini_freq 5

g

#locus allele value mut_freq ini_freq
1 1 1.0 0.2 fo 0.2g
1 2 0.5 0.2 fo 0.2g
1 3 0.0 0.2 fi 0.2g
1 4 0.5 0.2 fo 0.2g
1 5 1.0 0.2 fo 0.2g
2 1 2 0.2 fo 0.2g
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2 2 1 0.2 fO 0.29
2 3 0 0.2 fi1 0.29
2 4 1 0.2 fo 0.29
2 5 2 0.2 fo 0.29

The le has to start with a le information box [FILEINFOF...g. This box con-

tains informations about the structure of the following tatbe and thus allowing

exibility in the format of the table. For example the order of the columns in

the table may vary, or some columns may be ignored. The le iafmation box

starts with the key word [FILEIINFO] This key word is followed by brackets
"f...g" within which the user has to specify the contents of the colans to be

considered by quantiNEMO. Each column is speci ed by a pair osisting of

a key word (e.g.collocusfollowed by the column number (the ordering starts
with 1). Each column de nition has to be on a new line. The fotiwing column

keywords are available:

col _locus This keyword speci es the column containing the locus indexIf
this column is not declared in the le information box, quantNEMO wiill
use the same settings for all loci. In this case the number afiés of the
table must be equal to Quantiall). If the keyword collocusis declared
the number of rows of the table must be equal to the number ofleles
times the number of loci Quantiloci* quantiall).

col _allele This keyword speci es the column containing the allele inde This
column is mandatory. The index of the allele goes from 1 wuantiall.

col _allelic _value This keyword speci es the column containing the allelic ef-
fects. If this column is not set the allelic e ects will be drasn randomly
from a normal distribution with the variance de ned by the paameter
guantiall_e ect var.

col_mut freq This keyword speci es the column containing the probabilyt
to mutate to this allele given that a mutation occurs.

col_ini _freq This keyword speci es the column containing the initial frguen-
cies of the alleles. This column allows to explicitly set thallele frequen-
cies at the start of a simulation. The frequencies can be setfeach patch
separately in which case the column consists in fact of onerginsional
matrices, with each value of the matrix corresponding to ongopulation.
The lines of the matrix are enclosed in braces. In the exammbove, indi-
viduals of the rst population are initially xed for the all ele 3 at the rst
locus as well as at the second locus. In the second populatahalleles
have the same initial frequency of 0.2. Note, that the matrixsi adjusted
in length if the number of populations does not correspond tine length
of the matrix. If this column is not given the initial allele frequencies are
set globally depending on the parameteguantiini_allelemodel
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Note, that as in all input les for quantiNEMO it is possible to add comments
(also in the le information box) using the hash character: #' or '#/ ...any
text... /#'.

quanti _allelic _var [decimal/matrix] (default: 1)

This parameter allows to specify the variance of the normaligtribution from
where the allelic e ects are drawn randomly. The normal disibution is cen-
tered around 0 (mean phenotype is by de nition 0). By using a mtrix it is
possible to de ne di erent variances of the normal distribtions for each locus,
i.e. specifying di erent contributions of the QTLs to the trait. This parameter
is taken into account only if the allelic e ects are not de nel explicitly by the
allelic le.

6.1.2 Dominance e ects

It is possible to simulate dominance e ects between alleles a locus. The following
equation is used to compute the genotypic value at a given los

Gi = a + ao+ Kjcjao  aj

Where G; is the genotypic value of locus, & and a;o are the e ects of the two alleles
at locusi, and k;o is the dominance value between alleleand i® k can have the
following e ects:

k < 1: underdominance

k= 1: allelea is dominant

k = 0: no dominance: purely additive
k = 1: allele a0 is dominant

k > 1: overdominance

There are two possibilities to de ne these dominance e ectEither they are de ned
explicitly for each pair of alleles using a separate le (sg@rameterquantidominancele),
or by de ning the normal distribution from where the dominarce e ect are ran-
domly drawn (see parametergjuantidominancemeanand quantidominancevar). If

the dominance e ects are de ned in both ways the explicitly d ned e ects are
used. Note, that all e ects have to be de ned in the same way, a. explicitly

or by their distribution. By default, the parameters quantidominancemeanand
guantidominancevar are set to zero resulting in a purely additive genotypic vaki

of a locus.
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quanti _dominance _le [string] (default: ")
This parameter allows to pass the name of a le containing damance e ects.
The number of alleles and loci has to be in line with the pararnters quantiloci
and quantiall. The information can be set globally for all loci, if they hae
the same speci cations, or for each locus separately. Therdmance le has
a similar format as the allelic le:

#Dominance file

R
[FILE .INFO] f
col_locus 1
col_allelel 2
col_allele2 3
col_.dominance 4
g
#locus allelel allele2 value
1 1 0.298
1 1 3 0.435
1 1 4 0.224
1 2 3 0.104
1 2 4 0.974
1 3 4 0.808

The le has to start with a le information box [FILEINFOF¥...g. This box con-

tains informations about the structure of the following talbe and thus allowing

exibility in the format of the table. For example the order of the columns in

the table may vary, or some columns may be ignored. The le iafmation box

starts with the key word [FILEINFO] This key word is followed by brackets
"f...g" within which the user has to specify the contents of the colans to be

considered by quantiNEMO. Each column is speci ed by a pair ogisting of

a key word (e.g.collocusfollowed by the column number (the ordering starts
with 1). Each column de nition has to be on a new line. The fotwing column

keywords are available:

col locus This keyword speci es the column containing the locus indexIf
this column is not declared in the le information box, quantNEMO will
use the same settings (dominance e ect and/or tness factdfor all loci.

col _allelel This keyword species the column containing the index of the
allele with the smaller allelic e ect. This column is mandabry. The
index of the allele goes from 1 tguantiall.

col_allele2 This keyword species the column containing the index of the
allele with the larger allelic e ect. This column is mandatoy. The index
of the allele goes from 1 tguantiall.

col _dominance This keyword speci es the column containing the dominance
e ects. For any pair of alleles for which the dominance e edis not speci-
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ed a dominance e ect will be drawn from the normal distribution de ned
by the parametersquantidominancemeanand quantidominancevar.

Note, that as in all input les for quantiNEMO it is possible to add comments
(also in the le information box) using the hash character: #' or '#/ ...any
text... /#'.

guanti _.dominance _mean [decimal] (default: 0)
This parameter allows to specify the mean of the normal disbution from
where the dominance e ects are randomly drawn. Note that; has the smaller
allelic e ect than a,. This parameter is only taken into account if the domi-
nance e ects are not de ned explicitly by the dominance le.

quanti _.dominance _var [decimal] (default: 0)
This parameter allows to specify the variance of the normaligtribution from
where the dominance e ects are randomly draw. This parameates taken
into account only if the dominance e ects are not de ned exjititly by the
dominance le.

6.1.3 Epistatic e ects

It is possible to simulate epistatic e ects between alleleat di erent loci. The
following equation is used to compute the genotype:

niykoci
G110220:::ii 0 = 110p00j 00+ Gi
i=1

Where Gy 0. is the genotypic value of genotype £222::ii%:: (1 and 1° are the
alleles of locus 1, 2 and®he alleles of locus 2, ...)G; is the genotypic e ect of locus
i (additive and dominance e ects), and 11020 0. iS the epistatic e ect of genotype
1122%::0i %:: (unique for each multilocus genotype). There are two posdilies to

de ne these epistatic e ects. Either they are de ned explitly for each genotype
using a separate le (see parameteguantiepistatic le), or by de ning the variance

of the normal distribution from where the epistatic e ects ae randomly drawn (see
parameter quantiepistaticvar). Using the parameterquantiepistatic le it is also

possible to de ne the genotypic e ects directly. If the epittic e ects are de ned

in both ways the explicitly de ned e ects are used. Note, thatall e ects have to

be de ned in the same way, i.e. explicitly or by their distriution. By default,

the parameterquantiepistaticvaris set to zero resulting in simulations without any
epistatic e ects.

guanti _epistatic _le [string] (default: ™)
This parameter allows to pass the name of a le containing thepistatic ef-
fects. The number of de ned genotypes has to be in line with thparameters
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guantiloci and quantiall. The epistatic le has a similar format as the allelic
le:

#Epistatic file

B e e

[FILE .INFO] f
col_genotype 1
col_epistatic_value 2
# col _genotypic_value 3

g

#genotype epistaticVal genotypicVal
f0101 0103 0.242984 1.87009
f0101 0103 0.580787 0.834811
f5050 504§ 0.264001 1.24981
f5050 5049 0.118982 0.55701
f5050 505@ 0.071359 2.26644

The le has to start with a le information box [FILEINFOF¥...g. This box con-

tains informations about the structure of the following tatbe and thus allowing

exibility in the format of the table. For example the order of the columns in

the table may vary, or some columns may be ignored. The le iafmation box

starts with the key word [FILEIINFO] This key word is followed by brackets
"f...g" within which the user has to specify the contents of the colans to be

considered by quantiNEMO. Each column is speci ed by a pair osisting of

a key word (e.g.collocusfollowed by the column number (the ordering starts
with 1). Each column de nition has to be on a new line. The foiwing column

keywords are available:

col_genotype This keyword speci es the column containing the genotype.
This column is mandatory. The genotype is enclosed by bradkée'f ...g"
and the genotype itself has to be in the FSTAT format Goudet, 1995.
The two alleles of a locus are written consecutively withouany space.
For all alleles the same number of digits are needed. Two drent loci are
separated by a space. The above example consists of two leeich with
50 alleles. Each allele is written using two digits. The tablmust include
all possible genotypes, consequently the table hasfall (_nball +
1)=2)-"b-le¢i rows, which can be a very large number if there are many
loci.

col _epistatic _value This keyword speci es the column containing the epistatic
e ects. If this column is set the epistatic e ect is added to he genotypic
e ect computed as described above.

col _genotypic _value This keyword speci es the column containing directly
the genotypic e ects. If this column is set, the genotypic esct of each
genotype is set directly without taking into account allelc, dominance,
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and/or epistatic e ects. If both keywordscol epistaticvalueand col. genotypicvalue
are speci ed in the information box, only the columncol. genotypicvalue
is considered.

Note, that as in all input les for quantiNEMO it is possible to add comments
(also in the le information box) using the hash character: #' or '#/ ...any
text... /#.

quanti _epistatic _var [decimal] (default: 0)
This parameter allows to specify the variance of the normaligtribution from
where the epistatic e ects are drawn randomly. The normal diribution is
centered around 0. This parameter is only taken into accoutit the epistatic
e ects are not de ned explicitly by the epistatic le.

6.1.4 Environment

The environment may also contribute to the phenotype. Therare several possi-
bilities to set the contribution of the environment to the phkenotype globally or for
each patch separately. Either the contribution of the envonment to the pheno-
type is de ned directly by the variance of the environmentale ect (model 0), by
the narrow-sense heritabilityh? (model 1 and 2), or by the broad-sense heritabil-
ity H2 (model 3 and 4). The heritability is later translated into a @rresponding
environmental varianceVg:

1 h?
hz: VE:T Va

1 H?2
HE:: Ve = 5 Vo

Where V, is the additive genetic variance computed followingL{ynch and Walsh
1998 p85-87), andV the genetic variance.

guanti _environmental _model [0,1,2,3,4] (default: 0)
This parameter speci es how the environmental variance isethed. The fol-
lowing models are available:

0 : set Vg directly. The variance of the environment is set directly by the
parameterquantiheritability, which is in this case not the heritability, but
the environmental variance.

1 : VE de ned by the narrow-sense heritability ( Ve constant). The vari-
ance of the environment g ) is set at the beginning of a simulation (gen-
eration 1) and is based on the narrow-sense heritabilithf, parameter
guantiheritability) and the additive genetic variance Y, at generation 1).
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Note, that in this case the environmental variance remains ostant over
time, but not the heritability.

2 . Ve de ned by the narrow-sense heritability ( h? constant). Thisis
the same as model 1, but the environmental variance is readjed at
each generation. Thus the narrow-sense heritability rentes constant
over time, but not the environmental variance.

3 : Ve de ned by the broad-sense heritability ( Ve constant). The vari-
ance of the environment Yg) is set at the beginning of a simulation (gen-
eration 1) and is based on the broad-sense heritabilityH?, parameter
quantiheritability) and the genetic variance Y at generation 1). Note,
that in this case the environmental variance remains constaover time,
but not the heritability.

4 : Ve de ned by the broad-sense heritability ( H? constant). Thisisthe
same as model 3, but the environmental variance is readjudtat each
generation. Thus the broad-sense heritability remains cetant over time,
but not the environmental variance.

guanti _heritability [decimal/matrix] (default: 1)
This parameter depends on the environmental model chosena(pmeter
guantienvironmentamode): If Vg is directly set (model 0) this parameter
is the environmental variance. For the environmental model and 2 this pa-
rameter is the narrow-sense heritability I§?):

h2 = V/_\ =Vp

For the environmental model 3 and 4 this parameter is the braasense heri-
tability ( H?):

H2= Vg=\W
Note, that a heritability (narrow and broad sense) of 0 (no gestic component)
makes no sense for models 1 to 4 in this simulation frameworKherefore a
value of 0 is not accepted by quantiNEMO for models 1 to 4, resing in
an error message. If the parameteguantienvironmentamodelis set to 0 the
parameterquantiheritabilityis no longer the heritability, but the environmental
variance directly, and can be set to 0. Using a matrix as argumeit is
possible to set the environmental variance, respectivelyehtability for each
patch separately.

quanti _environmental _proportion [decimal] (default: 1)
This parameter speci es which environment a ects the phertgpe of the quan-
titative trait: the natal or the current (at the adult stage) environment? The
argument speci es the relative weight of the current patch ect on the phe-
notype: if the value is 1 (default value) only the environmeal variance of the
current patch a ects the phenotype while if the value is 0 ol the environ-
mental variance of the natal patch a ects the phenotype.
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quanti _va_model [0,1] (default: 0)

This parameter speci es how the additive genetic variancé/f) of a quantita-
tive trait is computed. If purely additive e ects are simulaed (no dominance
end epistatic e ects) the additive genetic variance is iddital to the genetic
variance (Vg) and thus this parameter is not considered. The additive getic
variance of a trait is used in several statistics. For instare it is used to set
the environmental variance of the patches if this variancesispeci ed by the
narrow-sense heritability 2, parameterquantienvironmentamodelset to 2
or 3, see also parametajuantiheritability), the additive genetic variance may
also be directly output as summary statistic (stat optiong:varA), or indirectly
in the population di erentiation measurement Qs (stat option g:qs). The
additive genetic variance V) is computed followingLynch and Walsh (1998
p85-87). For a quantitative trait determined by a single loas this is:

nbkllele
Va =2 P

i=1

Wherep; is the allele frequency of allele ; is the additive e ect of allelei, and

i Is the average excess of allaleNote, that we show here the computation for
a single locus for simplicity reasons. In quantiNEMO a full wsion for traits
determined by multiple loci is implemented. However, the impmentation
does not take into account linkage between loci, thus the adive genetic
variance is underestimated when loci are linked.

0 : for any case. If this model is chosen the additive e ect () and the av-
erage excess () are computed. While the average excess is simple to
compute, the computation of the additive e ect requires a the consum-
ing least-square regression. This formula is valid for anyating system,
but its computation is rather slow.

Note, that the least-square regression has not always a sadut thus the
additive e ects , are not always computable. In this case the locus in
question is skipped from the analysis and a warning is retued:

WARNING Va could not be correctly estimated (1. time
at generation 20, see manual parameter 'quantiva_model’)

This warning is returned the rst 10 times the problem occursand then

every hundredth time. It is up to the user to decide whether ta prob-
lem occurs to often or if these "missing points" are acceptib If the

environmental variance is set by the narrow-sense heritdiby (parameter

guantienvironmentamodelset to 1 or 2) and the additive genetic vari-
ance cannot be computed quantiNEMO uses the additive genetiariance
computed using the algorithm for random matings (this pararter set to
1).
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1 : limited to random mating. In case of random mating the additive ef-
fect ( i) and the average excess () are identical. Therefore the time
consuming computation of the additive e ect can be omittedNote, that
even when the mating system is set to random mating (parametenat-
ing_systemset to 0 or 2) mating is not randomly if selection acts, as the
choice of the parents depends on their tnesses. Its up to theser to
decide whether this quick way to compute the additive genetivariance
IS appropriate or not.

6.2 Mutation

Mutation rates may be de ned for each locus individually by ®plicitly de ning
the individual mutation rates (parameter quantimutationrate) or by de ning the
gamma distribution from which the individual mutation rates are drawn (parameters
guantimutationrate and quantimutationvar). Depending on the mutation model
(parameter quantimutation mode) the mutant e ect is the e ect of the drawn allele
(model 0), or the e ect of the drawn allele is added to the cuant allelic e ect to
get the mutant e ect (model 1). Using the allelic le (see se¢bn 6.1.]) it is possible
to specify for each allele its e ect and the probability to mtate to this allele given
that there is a mutation. A minimal de nition for mutations r equires the setting
of a common mutation rate (parametergquantimutation_rate has a single value). In
this case all loci have the same mutation rate and the mutatiomodel is RMM.

qguanti _mutation _model [0,1] (default: 0)
This parameter allows to specify the mutation model. The fidwing mutation
models are available:

0 : RMM (Random Mutation Model)
At a given mutation a new allele is drawn randomly.

Anew = Gmut

Where a,ey IS the e ect of the new allele, anda,,,; is the e ect of the
drawn allele. The probability to mutate to a certain allele @pends on
its probability to mutate to it given that there is a mutation. These
probabilities and also the e ects of the alleles can explity be set by
the allelic le (see section6.1.1). If this is not the case quantiNEMO
allocates the allelic e ects and the probabilities to muta¢ to the alleles
given that there is a mutation automatically: The e ects of the alleles are
regularly spaced between 6 and 6 , if there are more than 5 alleles,
and the range is down regulated if the number of alleles is lew Note,
that in this later case the variance of the allelic e ects in goopulation
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Figure 6.1: Schematic representation of the mutation prose for a speci c allele
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may not meet the speci ed variance. Where is the square root of the
variance of the normal distribution from where the allelic ects are drawn
randomly (see parametequantiallelicvar). The probability to mutate to
a given allele given that there is a mutation is identical tolie frequency of
this allele de ned by the distribution of the allelic e ects (see parameter
quantiallelicvar), i.e. follow a normal distribution.

1:IMM (Increment Mutation Model)
At a given mutation an allele e ect is drawn randomly and is aded to
the current allelic e ect.

Anew = Qold T @mut

Where a,ey IS the e ect of the new allele,a: is the e ect of the drawn
allele, andagyqy is the e ect of the old allele, before the mutation. The
probability to mutate to a certain allelic e ect depends on is probability
to mutate to it given that there is a mutation. These probabiities and
also the e ects of the alleles can explicitly be set by the a&llic le (see
section 6.1.1). If this is not the case quantiNEMO allocates the allelic
e ects and the probabilities to mutate to the alleles given hat there is
a mutation automatically: The e ects of the alleles are regarly spaced
between 20 and 20 , where is the square root of the variance of the
normal distribution from where the allelic e ects are drawrrandomly (see
parameterquantiallelicvar). The probability to mutate to a given allelic
e ect given that there is a mutation is identical to its allele frequency,
i.e. follow a normal distribution. This mutation model requres that the
allelic e ects are regularly spaced around zero, that the mber of alleles
is odd (thus the allele with indexbquantiall=2c is zero), and that there
are at least 51 possible alleles (parametguantiall).

Note, that for both mutation models the number of alleles havéo be odd if
the allelic e ects and the probabilities to mutate to the alkles given that there
is a mutation are set automatically. In this case also a wamg will be drawn
if the number of alleles is below 200, informing that this nubyer of alleles may
not well represent the normal distribution of the allelic eects.

quanti _mutation _rate [decimal/matrix] (default: 0)
This parameter speci es the mutation rate per locus and geregion. If the
argument is a single value the mutation rate for all loci is th same. By passing
a matrix of mutation rates it is possible to set the mutation ate for each single
locus individually. By default no mutations occur.

guanti _mutation _shape [integer] (default: 0)
This parameter allows to specify the shape of the gamma digtution from
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which the mutation rates for each locus are drawn. The mean ration rate
is given by the parameterquantimutation rate:

( shape; mutrate=shapg

Where is the gamma function requiring two parameters. The rst parameter
de nes the shape of the gamma distribution (parameteguanti mutation shap¢,

and the second parameter the scale to the gamma distributiohe scale pa-
rameter is set such does the mean of the gamma distribution egjual to the
mean mutation rate (mut_rate, respectively parametemquantimutation.rate).

If the shape is O (default value) all loci have the same mutath rate de ned

by the parameterquantimutationrate. The parameterquantimutation shape
is ignored if the mutation rates (parameterguantimutation rate) are explicitly

de ned for each locus by a matrix.

6.3 Initial genotypes

There are several methods to set the allele frequencies oeethe genotypes of the in-
dividuals at the start of a simulation (initialisation). Th e genotypes of the individu-
als may be set using an FSTAT le Goudet, 1999 (parameterquanti _ini _genotypes ).
If such a FSTAT le is not present the genotypes are randomly hwn following the
explicitly set allele frequencies in the allelic le (see pameter quanti _allelic _le
and especially column keyworatol _ini _freq). If the allele frequencies are not set
explicitly in the allelic le the initialization is perform ed following the parameter
qguanti _ini _allele _model .

quanti _ini _genotypes [string] (default: ")
This parameter allows to specify a name of an FSTAT le Goudet, 1995
containing the initial genotypes of the individuals for edt population. If such
a le is present the initialization of the metapopulation isdone solely by this
le ignoring the parameters quanti _ini _allele _model and patch _ini _size.
A single FSTAT le is needed for all quantitative traits together containing
the total number of loci of all quantitative traits together. Note, that quan-
tiINEMO allows to output an appropriate le for any generation (see parameter
guanti _save_genotype ). This allows to resume a simulation, to generate tai-
lored initial conditions, or to continue a simulation with modi ed settings. If
the parameterquanti _save_genotype is set to 2 an extended FSTAT le is
generated. Also this le may be used to initialize the metapagation. In
this case quantiNEMO overtakes the supplement informationrpvided by the
le, especially the sex and age of the individual, the indexfahe individual,
its mother and father. Thus the supplement information allws to resume a
simulation without the loss of the pedigree. Note, that for arentire resume
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of a simulation also the genotypes of the neutral markers hato be set (see
parameterntrl _save_genotype ). In this case the number of individuals per
patch and the individuals supplement information (sex, agendividuals id,
mothers id, fathers id must be in agreement with each other.

quanti _ini _allele _model [0,1] (default: 0)
If the genotypes or allele frequencies are not already deaen another way,
the initialization of the genotypes may be either polymorpic, where the prob-
ability of each allele is identically or monomorphic, wherall populations are
xed for a single allele.

0 : polymorph. The populations are maximally polymorph in respect to al-
lele frequencies at the start of a simulation.

1 : monomorph. The populations are monomorph in respect to allele fre-
guencies at the start of a simulation. All individuals are xe for a
single allele, which is the "middle" allele, i.e. the allelavith the index
bntrl_all=2c.

6.4 Multiple traits

guantiNEMO allows to simulate several quantitative traits smultaneously. Each
trait has its own architecture and may be under di erent seletion pressures.

quanti _nb _trait [integer] (default: 1)
This parameter de nes the number of quantitative traits.

Each trait may have its own speci cations, but it is also pogble to specify parame-
ters for some quantitative traits together. If several quatitative traits are used it is
possible to address a certain trait by its number. For instace to specify a parameter
for the fth trait one has to append a "_5" to the parameter name. In contrast if
for the fth trait no parameter with the sux "_5" is passed quantiNEMO checks if
the parameter is passed for the fourth trait (su x "_4"). If this is also not the case
guantiNEMO checks if the parameter is passed for the third tia(sux "_3"), and
so forth until a parameter is found. Note, that a parameter witout a su x is the
same as the parameter with the sux"_1". This behavior of quantiNEMO allows
to specify parameters for a group of traits. An example may makit clearer:

guanti_nb_trait 12
quanti_loci 5
quanti_loci_7 10

quanti_all_1 10



CHAPTER 6. QUANTITATIVE TRAITS 64

quanti_all _4 20
quanti_all_7 10
quanti_all_10 20

guanti _mutation _rate 0.0001

In this example we simulate 12 quantitative traits. Traits 1to 3 consist of 5 loci
with up to 10 alleles, traits 4 to 6 consist of 5 loci with up to @ alleles, traits 7 to
9 consist of 10 loci with up to 10 alleles, and traits 10 to 12 wsist of 10 loci with
up to 20 alleles. All traits have the same mutation rate of 0.@1.

6.5 Selection models

In the current version, only selection at the reproductive tage is implemented.
However, it is possible to modify the code in a way that seleoth may also act on
other life cycles, such as during migration or regulation. file tness of an individ-
ual de nes its reproductive success. The higher its tnesghe more o spring are
produced. The tness itself depends on the selection presswand on the phenotype
of the individual. The better an individual is adapted to thelocal environment the
higher its tness is. The phenotype of an individual is chareterized by one to sev-
eral quantitative traits (see section6.4). Each quantitative trait has its individual
architecture, and may be selected for a di erent selectionrgssure. Selection types
may di er between quantitative traits. The selection presare has to be de ned in
the patch component (see sectiob). If several quantitative traits are simulated the
tness of an individual is the product of the quantitative trait's tnesses:

treits
W = W,

t

Where W is the total tness of the individual, and W, is the tness of quantitative
trait t.

guanti _selection _-model [0,1,2] (default: 0)
This parameter allows to de ne the selection model for eactugntitative trait.
Section5 describes how to set the selection pressure at the patch leve

0 : stabilizing selection
Stabilizing selection acts on the quantitative trait. The tnessW of
guantitative trait t is computed using the following standard Gaussian
function for stabilizing selection:

|
(P Zopt )2

212

W, =¢e
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Zop: Is the selection optimum of the current trait and patch (paraneter
patchstah seloptima), P is the phenotypic value of the individual, and
I is the intensity of the selection (parametepatch stah selintensity).

1 : directional selection.
Directional selection acts on the quantitative trait. A gerralized logistic
curve (Richards 1959 is implemented in quantiNEMO to characterize
the directional selection pressure:

W= 1+s @Pua P 7

Wherer is the growth rate (parameterpatch.dir_selgrowthrate), P;,,. Is
the phenotype with the maximal slope (parametepatch dir_selmaxgrowth),
ands de nes the symmetry of the slope (parametegpatch dir_selsymmetry
slope is symmetric by default (value 0.5)).

2 : neutral selection.
The quantitative trait is not under selection. The tness ofthis quanti-
tative trait is set to 1 not taking into account the phenotype

W’[:]-

6.6 Genetic map

guantiNEMO has an underlying genetic map, which may consisf several chromo-
somes. This allows to explicitly position all types of locimthe map (quantitative

trait loci (QTL) and neutral markers). The unit of the genetic map is centi Mor-
gans Haldane 1919 cM). If the genetic map of a trait is not speci ed by either
of the following parameters, the loci for that trait are assmed to be unlinked and
independent.

guanti _loci _positions [matrix] (default: ™)

For each trait this parameter allows to specify explicitly he positions of the
loci in centi Morgans from the beginning of the chromosome. hE brackets
separate the chromosomes. Within a chromosome, the positsoof the di erent
loci are separated by a space. Note, that chromosomes may @ntdi erent
numbers of loci, but that the total number of loci must corregond to the
parameterquantiloci. It is possible to skip chromosomes if they don't contain
loci (see sectior2.3.5.9:

quanti_loci 11
guanti_loci_positions f f 1: 10g
f3: 10 40 60 80 100
f 10 40 60 80 109 g
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In the example above, the quantitative trait is de ned by 11 éci located on
three of at least four chromosomes. The rst chromosome cambs a single
locus at position 10 cM. No loci are located on the second chrosome. The
third and fourth chromosomes have 5 loci at positions 10, 460, 80, and 100
cM.

guanti _loci _positions _random [matrix] (default: ")
This parameter allows to specify the number of chromosomesdcatheir lengths.
The loci are then randomly positioned on the chromosomes. &matrix con-
tains the length of each chromosome in cM. It is possible toipkchromosomes
if they don't contain loci (see sectior?2.3.5.9:

quanti_loci 11
guanti_locus_positions_-random f f 1: 100g f3: 100y f100g g

In this example the quantitative trait is de ned by 11 loci located on three
out of four chromosomes. The loci of the quantitative trait ee randomly po-
sitioned on the rst 100 cMs of each chromosome. No loci of thigiantitative
trait are located on chromosome 2.

For every simulated replicate where a genetic map is simuéat the entire genetic
map (including QTLs and neutral loci) is dumped to a le named'genetic. map.txt"

stored in the simulation folder. If multiple replicates aresimulated a replicate
counter (example r3) is inserted before the extension. Using the parametge-
netic _map _output it is possible to suppress this output.

6.7 Output

Apart from the genotypes and the phenotypes it is also possibto obtain certain
summary statistics, the allelic, the dominance, and the egfiatic e ects. For each
type of output it is possible to de ne individually the time interval at which the
output is generated, which may also vary over time.

6.7.1 Genotype

The genotype of all individuals may periodically be dumpedt les. The output les
will be stored in the folder given by the parametequantigenotdir and will have the
name of the base le name (see parametdename in section4). The extension is
".dat". A counter for the generation (e.g. _g05) and the replicate (e.g.r4) is inserted
before the extension. An example of such a le name isimulationg05r4.dat".

guanti _save_genotype [0,1,2] (default: 0)
This parameter speci es the output of the quantitative gentype at the QTLSs.
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0 : None. No output is generated.

1. FSTAT. The output contains the genotypes in the FSTAT format Goudet,
1995.

2 . FSTAT extended. Same as point 1, but the le contain the following six
additional columns: the age class (1 = o spring, 2 = adult), be sex (0 =
male; 1 = female), the ID of the individual, the ID of the mothe, the ID of
the father, and the tness of the individual. The ID is a uniqte identi er
for each individual of a simulation in the format "34523", meaning that
this is the 345th individual born in patch 23. The IDs of the imlividual,
the mother and the father allow to extract pedigree informaons, if the
output is stored for each generation, and also to investigathe migration
behavior of the individual and its parents.

An example of such a le (with quantisavegenotypeset to 2):

54 20 2

loc 1

loc 2

loc 3

loc 4

1 1415 1019 2002 0820 1 1 1@ 1.1 0.1 0.345
1 0814 0219 2002 2020 1 1 11 8.1 2.4 0.334
1 0808 0217 1902 0820 1 1 12 5.3 5.1 0.123
5 1004 0917 1404 1007 1 1 16 9.5 3.2 0.999
5 2017 1010 2013 1812 1 0 1B 3.2 9.2 1.000
5 2017 1008 2013 1811 1 1 14 8.2 9.2 0.678

The rst line contains the number of patches (5 patches hergjhe number of
loci (4), the highest possible allele index (20), and the numer of digits used
to write each allele (2). The next four lines contain the locsi names. The
following lines contain the individual's info, one individial per line. The rst
number is the patch number of the individual, followed by theyenotype. Each
column represents a locus, and the rst half of the locus (152 digits) repre-
sents the rst allele index, while the second half of the loau(last 2 digits) the
second allele at the given locus. As, in this example, we arengstwo digits
per allele, the rst two digits of a locus genotype number ar¢he rst allele
(e.g. allele 14 for the rst allele of the rst locus of the rs individual) while
the two next digits are the second allele (e.g. allele 15 fdné second allele of
the rst locus of the rst individual). Each line ends with six columns consist-
ing supplementary information on the individual (see aboydf the parameter
guantisavegenotypeis set to 2.

quanti _genot _dir [string] (default: ")
This parameter allows to specify the subdirectory where thgenotypes are
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stored. This directory has to be speci ed relative to the simlation folder (pa-
rameter foldern, and may also contain subdirectories. If not speci ed (dafilt)
the output is stored in the simulation folder (parameterfolder).

guanti _genot _logtime [integer] (temporal/default: 1)
This parameter speci es the time interval of the genotype dput. Since the
parameter may change over time the output may be generated ahy genera-
tion.

quanti _genot _script [string] (default: ")
It is possible to launch a script just after the genotype le $ generated. The
argument of the parameter is the le name of the script. The mae of the
genotype le is passed as unique parameter to the script.

quanti _genot _sex [0,1,2] (default: 0)
This parameter allows to choose which sex is output.
0 : Both. Output includes both sexes.
1 : Females. Output includes only female genotypes.
2 . Males. Output includes only male genotypes.
qguanti _genot _age [0,1,2] (default: 0)
This parameter allows to choose which age is output.
0 : Adults. Output includes only adult genotypes.
1 : Juveniles. Output includes only juvenile genotypes.
2 . Both. Output includes juveniles and adults genotypes.

6.7.2 Genotypic value

Similar to the genotypes the genotypic values may be periaadily dumped to les.
The output les will be stored in the folder given by the paraneter quantigenavaluedir
and will have the name of the base le name (see parametégname in section 4).
The extension is ".gen". A counter for the generation (e.g..g05) and the repli-
cate (e.g. _r4) is inserted before the extension. An example of such a leame is
"simulationg05r4.gen’

guanti _save_geno_value [0,1,2] (default: 0)
This parameter speci es the output of the phenotype.
0 : None. No output is generated.

1 : FSTAT. The output contains the phenotypes in the FSTAT-like format
(Goudet, 1995.
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2 . FSTAT extended. Same as point 1, but the le contain the following six
additional columns: the age class (1 = o spring, 2 = adult), be sex (0 =
male; 1 = female), the ID of the individual, the ID of the mothe, the ID of
the father, and the tness of the individual. The ID is a uniqte identi er
for each individual of a simulation in the format "34523", meaning that
this is the 345th individual born in patch 23. The IDs of the imlividual,
the mother and the father allow to extract pedigree informabns, if the
output is stored for each generation, and also to investigathe migration
behavior of the individual and its parents.

An example of such a le Quantisavegenavalueis set to 2):
25

genotypic_value_trait 1
genotypic_value_trait 2
genotypic_value_trait 3
genotypic_value_trait 4
genotypic_value_trait 5
1 0.0493 3.203 2.441 0.0683 3.199 2 1 101 1.1 0.1 0.345
1 0.4924 3.803 0.869 2.002 2.594 2 1 111 8.1 2.2 0.334
1 2.2342 2.931 0.725 0.750 0.698 2 1 121 52 5.1 0.123
2 0.8623 0.6525 0.857 1.7483 4.194 2 1 162 9.2 3.2 0.999
2 1.7752 2.223 3.117 0.3409 2.003 2 1 172 3.2 9.2 1.000
2 0.2081 2.803 0.146 0.456 5.137 2 1 111 8.1 9.1 0.678

The rst line contains the number of patches (2 patches hergand the number
of traits (5). The next ve lines contain the ve trait names. The following
lines contain the individual's info, one individual per lire. The rst number is
the patch number of the individual, followed by the genotym value for each
trait. Each line ends with six columns consisting suppleméary information

on the individual (see above) if the parametequantisavegenavalueis set to
2.

guanti _geno_value _dir [string] (default: ")
This parameter allows to specify the subdirectory where getypic values are
stored. This directory has to be speci ed relative to the simation folder (pa-
rameter folden, and may also contain subdirectories. If not speci ed (dafilt)
the output is stored in the simulation folder (parameterfolder).

guanti _geno_value _logtime [integer] (temporal/default: 1)
This parameter speci es the time interval of the genotypic alue output. Since
the parameter may change over time the output may be generateat any
generation.

quanti _geno_value _script [string] (default: ")
It is possible to launch a script just after the genotypic vale le is generated.
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The argument of the parameter is the le name of the script. Th name of the
genotypic value le is passed as unique parameter to the gofi

guanti _geno_value _sex [0,1,2] (default: 0)
This parameter allows to choose which sex is output.

0 : Both. Output includes both sexes.
1 . Females. Output includes only female genotypic values.
2 . Males. Output includes only male genotypic values.

guanti _geno_value _age [0,1,2] (default: 0)
This parameter allows to choose which age is output.

0 : Adults. Output includes only adult genotypic values.
1 : Juveniles. Output includes only juvenile genotypic values.
2 . Both. Output includes juveniles and adults genotypic values.

6.7.3 Phenotypic value

Similar to the genotypes the phenotypic values of the adultsray be periodically

dumped to les. The phenotype of juveniles cannot be outputas the phenotype
is only computed when selection acts, and this is at the reptaction stage, i.e.

when individuals are adults. The output les will be stored m the folder given

by the parameter quantiphenotdir and will have the name of the base le name
(see parameterlename in section4). The extension is ".phe". A counter for the

generation (e.g._g05) and the replicate (e.g._r4) is inserted before the extension.
An example of such a le name igsimulationg05r4.phe’

guanti _save_phenotype [0,1,2] (default: 0)
This parameter speci es the output of the phenotype.

0 : None. No output is generated.

1 : FSTAT. The output contains the phenotypes in the FSTAT-like format
(Goudet, 1995.

2 . FSTAT extended. Same as point 1, but the le contain the following six
additional columns: the age class (1 = o spring, 2 = adult), be sex (0 =
male; 1 = female), the ID of the individual, the ID of the mothe, the ID of
the father, and the tness of the individual. The ID is a uniqte identi er
for each individual of a simulation in the format "34523", meaning that
this is the 345th individual born in patch 23. The IDs of the imlividual,
the mother and the father allow to extract pedigree informaons, if the
output is stored for each generation, and also to investigathe migration
behavior of the individual and its parents.
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An example of such a le Quantisavephenotypes set to 2):

25

phenotypic_value_trait 1

phenotypic_value_trait 2

phenotypic_value_trait 3

phenotypic_value_trait 4
5
0.

phenotypic_value_trait

1 0.0493 3.203 2.441 0683 3.199 2 1 101 1.1 0.1 0.345
1 0.4924 3.803 0.869 2.002 2594 2 1 111 8.1 2.2 0.334
1 2.2342 2931 0.725 0.750 0.698 2 1 121 5.2 5.1 0.123
2 0.8623 0.6525 0.857 1.7483 4.194 2 1 162 9.2 3.2 0.999
2 1.7752 2.223 3.117 0.3409 2.003 2 1 172 3.2 9.2 1.000
2 0.2081 2.803 0.146 0.456 5.137 2 1 111 8.1 9.1 0.678

The rst line contains the number of patches (2 patches hereand the number
of traits (5). The next ve lines contain the ve trait names. The following

lines contain the individual's info, one individual per lire. The rst number is

the patch number of the individual, followed by the phenotyp value for each
trait. Each line ends with six columns consisting suppleméary information

on the individual (see above) if the parametequantisavephenotypeis set to
2.

qguanti _phenot _dir [string] (default: ™)
This parameter allows to specify the subdirectory where phetypes are stored.
This directory has to be speci ed relative to the simulatiorfolder (parameter
folder), and may also contain subdirectories. If not specied (dallt) the
output is stored in the simulation folder (parameterfolder).

quanti _phenot _logtime [integer] (temporal/default: 1)
This parameter speci es the time interval of the phenotype wput. Since
the parameter may change over time the output may be generateat any
generation.

qguanti _phenot _script [string] (default: ™)
It is possible to launch a script just after the phenotype leis generated. The
argument of the parameter is the le name of the script. The mae of the
phenotype le is passed as unique parameter to the script.

qguanti _phenot _sex [0,1,2] (default: 0)
This parameter allows to choose which sex is output.
0 : Both. Output includes both sexes.
1 : Females. Output includes only female phenotypes.
2 : Males. Output includes only male phenotypes.
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quanti _phenot _age [0,1,2] (default: 0)
This parameter allows to choose which age is output. Phenqgs are only
computed at the reproduction stage, thus juveniles have ndhpnotypes, re-
spectively are indicated afNaN (not a number) in the output. This parameter
is only present for uniformity reasons to obtain the same optit format.

0 : Adults. Output includes only adult phenotypes.
1 : Juveniles. Outputincludes only juvenile phenotypes, respectivelaN s.
2 . Both. Output includes juveniles and adults phenotypes.

6.7.4 Architecture

Depending on the de nition of the architecture of the quantiative trait it is possible
to obtain the allelic le, the dominance le, and/or the epistatic le. All three les
follow the structure of the homonymous input les, except tlat for the input all
possible combinations have to be present, while in the outponly the used com-
binations are output. Therefore the output les of allelic,dominance, and epistatic
cannot always be used as input les. The les have the namésllelic values.txt’,
"dominancevalues.txt and "epistatic values.txt" and are stored in the simulation
folder (parameterfoldel). If several replicates are simulated the les are generate
for each replicate and a replicate counter (e.gr4) is inserted before the extension.

guanti _output [0,1] (default: 0)

0 : None. The les are not generated.

1 : Output. The allelic, the dominance, and/or the epistatic les are sired
in the simulation folder (parameterfolde, if they were used during the
simulation.

6.8 Summary statistics

The summary statistics listed in the table below are availdb for quantitative traits.
The column Stat namecontains the name of the summary statistic used to specify
which summary statistics are computed (parametestat, for details see sectior3.2).
These names appear also in the output le. The columBescriptioncontains a short
description of the summary statistic.

Some of the summary statistics are available for adults andspring (indicated by
(adlt/o ) ). To obtain a certain summary statistic for adults the pre x adlt. has to
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be added to the summary statistic name (e.gadlt.allnh, respectively the pre xo.
to obtain the summary statistic for o spring (e.g. o .allnb).

Some of the summary statistics are computed for each patchpseately (indicated
by (computed for each patch)n the table), others for each pair of patches (indicated
by (all pairwise combinations computed) Depending on the number of patches this
may lead to the computation of a large nhumber of summary statiics. The names
of such summary statistics are marked in the output le with tie index of the patch:
"_pX", respectively "_pX-Y " for pairwise summary statistics, whereX andY are
the index of the patches (starting with 1).

The summary statistics are computed for every quantitativérait. If several quanti-
tative traits are simulated the post x " tT " is added to the summary statistic name
in the output le, where T is the index of the trait.

The summary statistic name (columnStat name¢ may be used to specify the sum-
mary statistic to be computed (e.g.q.varA). Similar summary statistics (within a
thematic group) may be obtained at once using the name withiequare brackets
after the group title (e.g. quant). Using this group statistic nhame all summary
statistics of the thematic group marked with a star (*) will be computed.

Table 6.1: Summary statistics available for quantitative rtaits

Stat name Description
Quantitative trait statistics [quanti, available only for adults]
g.vgw genetic variance within patches*
g.VgB genetic variance between patches*
q.VpW phenotypic variance within patches*
g.vVpB phenotypic variance between patches*
g.vaw additive genetic variance within patches
g.gst Qst
g.varA_p additive genetic variance of patch i following
Lynch and Walsh (1998 p85-87) (computed for each
patch)
g.meanGp genetic mean of patch (computed for each patch)
g.varG_p genetic variance of patch (computed for each patch)
g.meanPp phenotypic mean of patch (computed for each patch)
g.varP_p phenotypic variance of patch (computed for each patch)
Genotype coancestnjq.(adlt/o ).coa]
g.(adlt/o ).theta mean within patch coancestry*
g.(adlt/o ).alpha mean between patch coancestry*

g.(adlt/o ).thetaFF mean within patch, within females coancestry*
Table 6.1 continued on next page
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Stat name Description

g.(adlt/o ).thetaMM  mean within patch, within males coanc estry*
g.(adlt/o ).thetaFM mean within patch, between sexes coamcestry*
g.(adlt/o ).coa.fsib mean coancestry within full-siblings*
g.(adlt/o ).coa.phsib  mean coancestry within paternal hdf-siblings*
g.(adlt/o ).coa.mhsib mean coancestry within maternal hdf-siblings*
g.(adlt/o ).coa.nsib mean coancestry within non-sibling*
g.(adlt/o ).theta _p mean coancestry within patch (computed for each patch)
g.(adlt/o ).alpha _pair mean coancestry between patchand | (all pairwise com-
binations computed)
Genetic diversity [g.(adlt/o ).gendiv]

g.(adlt/o ).nbAll mean number of alleles per locus across tk entire metapop-
ulation*
g.(adlt/o ).meanAll mean number of alleles per locus and path*

g.(adlt/o ).nbFixLoc  number of xed loci across the entire metapopulation*
g.(adlt/o ).meanFixLoc mean number of xed loci per patches*

g.(adlt/o ).ho observed heterozygosity followingNei and Chesse(1983*

g.(adlt/o ).hs expected heterozygosity followingNei and Chessef1983*

g.(adlt/o ).ht total expected heterozygosity following Nei and Chesser
(1983~

g.(adlt/o ).nbAll _p mean number of alleles per locus within patch(computed

for each patch)
g.(adlt/o ).nbFixLoc _p number of xed loci within patch i (computed for each

patch)
g.(adlt/o ).ho p observed heterozygosity within patch i following
Nei and Chessef1983 (computed for each patch)
g.(adlt/o ).hs p expected heterozygosity within patch i following

Nei and Chesse(1983 (computed for each patch)
F-statistics following Nei and Chessel (1983 [q.(adlt/o ).fstat]

g.(adlt/o ).fst global Fst*
g.(adlt/o ). s global Fs*
g.(adlt/o ). t global Fit*
g.(adlt/o ).fst _pair pairwise Fst between patchi andj (all pairwise combina-

tions computed)
F-statistics following Weir and Cockerham(1984 [q.(adlt/o ).fstat.wc]

g.(adlt/o ).fst.wc global Fst*
g.(adlt/o ). s.wc global Fis*
g.(adlt/o ). t.wc global Fr*

g.(adlt/o ).fstwc _pair pairwise Fst between patchi andj (all pairwise combina-
tions computed)
Table 6.1 continued on next page
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Stat name Description

Table 6.1: Summary statistics available for quantitative traits cotnued
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Chapter 7

Neutral markers

guantiNEMO also allows the simulation of neutral markers, sth as microsatellites
or SNPs with di erent mutation models (K allele and Stepwise) Di erent types
of neutral markers can be combined within the same simulatio The initial allele
frequencies can be de ned for each population separately.

7.1 Architecture

ntrl _loci [integer]
This parameter speci es the number of neutral marker loci peindividual.
This parameter is mandatory for the simulation of a neutral rarker.

ntrl _all [1 to 256] (default: 255)
This parameter speci es the maximal number of alleles perdas (same number
for each locus).

ntrl _allelic _le [string] (default: ™)

This parameter allows to pass the name of a le containing &le informations,
such as the initial allele frequencies, and/or the mutatiorprobability to an
allele. The number of alleles and loci has to be in line with ghparameters
ntrl_loci and ntrl_all. The information can be set globally for all loci, if they
have the same speci cations, or for each locus separatelyhd allelic le for
neutral markers has the same format as the allelic le for qumitative traits,
but does not allow to specify the allelic e ects:

#Allelic file

R

[FILE .INFO] f
col_locus 1
col_allele 2
col_mut _freq 3
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col_ini_freq 4

g

#locus allele mut _freq ini_freq
1 1 0.20 fo 0.2g
1 2 0.25 fO 0.2g
1 3 0.20 fl1 0.2g
1 4 0.20 foO 0.2g
1 5 0.20 fo 0.2g
2 1 0.20 fo 0.2g
2 2 0.25 foO 0.2g
2 3 0.20 f1 0.2g
2 4 0.20 foO 0.2g
2 5 0.20 foO 0.2g

The le has to start with a le information box [FILEINFOF...g. This box
contains the information of the structure of the following &ble allowing a
exible structure of the table. For example the order of the olumns in the
table may vary, or columns may be ignored. The le informatia box starts
with the key word [FILEINFO] and the information is enclosed by brackets
"f...g". Line by line the index of the columns to be read have to be dieced.
Thereby a keyword for the speci ¢ setting is followed by theaumn index (the
ordering starts with 1). The following column keywords are\ailable:

col _locus This keyword speci es the column containing the locus indexIf
this column is not declared in the le information box, quantNEMO will
use the same settings for all loci. In this case the length o table
must meet the number of allelesrtrl_all). If this keyword is declared the
length of the table must meet the number of alleles times theumber of
loci (ntrl_loci * ntrl_all).

col _allele This keyword speci es the column containing the allele inde This
column is mandatory. The index of the allele goes from 1 tatrl_loci.

col_mut freq This keyword species the column containing the mutation
probabilities, i.e. the probability to mutate to this allele when a mu-
tation occurs. The behavior of this mutation probability dgpends on the
mutation model (see parameterrftrl_mutation.mode).

col_ini _freq This keyword speci es the column containing the initial frguen-
cies of the alleles. This column allows to explicitly set thallele frequen-
cies at the start of a simulation. The frequencies can be serfeach patch
separately using a matrix. In the example above, individualof the rst
population are initially xed for the allele 3 at the rst loc us as well as
at the second locus. In the second population all alleles lethe same
initial frequency of 0.2. Note, that the matrix is adjusted inlength if the
number of populations does not correspond to the length of éhmatrix.
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If this column is not given the initial allele frequencies a set globally
depending on the parametentrl_ini_allelemodel

Note, that as in all input les for quantiNEMO it is possible to de ne comments
(also in the le information box) using the hash character: #' or '#/ ...any
text... /#'.

7.2 Mutation

Figure 7.1: Schematic representation of the mutation prose for a speci c allele
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Mutation rates may be de ned for each locus individually by ®plicitly de ning the
individual mutation rates (parameter ntrl_mutationrate) or by de ning the gamma
distribution from which the individual mutation rates are drawn (parametersntrl_mutation rate
and ntrl_mutationvar). There are two mutation models available. Using the allelic
le for neutral markers (see section7.l) it is possible to specify the probability
to mutate to a certain allele explicitly for all alleles. Degnding on the mutation
model the new allele is the drawn one (KAM), or its index distare from the allele
index in the middle is added to the current allele index (SSM)A minimal de -
nition for mutations requires the setting of a common mutatn rate (parameter
ntrl_mutationrate has a single value). In this case all loci have the same mutadi
rate and the mutation model is KAM.

ntrl _mutation _model [0,1] (default: 0)
This parameter allows to specify the mutation model. The fwing mutation
models are available:

0 : KAM (K-Allele Model)
At each mutation the existing allele is randomly exchangedybanother
allele within the range of alleles (i.e. [Intrl _all]). By default the prob-
ability to mutate to any allele is the same. However, if the mution
probabilities are specied explicitly by the allelic le (see section7.1)
the probability to mutate to a certain allele depends on the eci ed
probability to mutate to this allele.

1. SSM (Single Step Mutation)

In contrast to the K-Allele-Model the new allele depends on & current
allele. When a mutation occurs the current allele is repladeby one of
its neighboring alleles (concerning the allele index). Faxample, if the
allele with the index 12 mutates, it changes either to the ale with the
index 13, or to the allele with the index 11. The boundaries arre exive,
l.e. the allele index can not exceed the range of alleles (i[&;ntrl _all]).
In line with the Increment Mutation Model (IMM) for quantita tive traits
it is possible to specify mutation probabilities of the "stps to mutate”
using the allelic le (see section/.1). In this case the number of alleles
(ntrl_all) has to be odd (as for the IMM). Then similar to the IMM the
probabilities of the step to mutate has to be de ned using thallelic
le, where the step size is measured from the middle alleleofacerning
its index, i.e. ntrl _all=2). The middle allele (with indexntrl _all=2) has
to have a mutation probability of 0 as a mutation of step zerosi not a
mutation. This allows generating any mutation pattern, as dr instance
the Generalized stepwise mutation modeEstoup et al,, 2002.

ntrl _mutation _rate [decimal/matrix] (default: 0)
This parameter speci es the mutation rate per locus and geregion. If the
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argument is a single value the mutation rate for all loci is tt same. By passing
a matrix of mutation rates it is possible to set the mutation ate for each single
locus individually. By default no mutations occur.

ntrl _mutation _shape [integer] (default: 0)
This parameter allows to specify the shape of the gamma didiution from
which the mutation rates for each locus are drawn. The mean ration rate
is given by the parametemtrl_mutation rate:

( shape; mutrate=shapg

Where is the gamma function requiring two parameters. The rst parameter
de nes the shape of the gamma distribution (parametentrl_mutation shapé,

and the second parameter the scale to the gamma distributionThe scale
parameter is set such does the mean of the gamma distributiamequal to the
mean mutation rate (mut_rate, respectively parametemtrl_mutationrate). If

the shape is 0 (default value) all loci have the same mutatiorate de ned by
the parameterntrl_mutationrate. The parameterntrl_mutation shapds ignored
if the mutation rates (parameter ntrl_mutation rate) are explicitly de ned for

each locus by a matrix.

7.3 Initial genotpyes

There are several methods to set the allele frequencies oeethe genotypes of the in-
dividuals at the start of a simulation (initialisation). Th e genotypes of the individu-
als may be set using an FSTAT le Goudet, 1999 (parameterntrl _ini _genotypes ).

If such a FSTAT le is not present the genotypes are randomly hwn following the
explicitly set allele frequencies in the allelic le (see pameter ntrl _allelic _le
and especially column keyworatol _ini _freq). If the allele frequencies are not set
explicitly in the allelic le the initialization is perform ed following the parameter
ntrl _ini _allele _-model .

ntrl _ini _genotypes [string] (default: ™)
This parameter allows to specify a name of an FSTAT leGoudet, 1995 con-
taining the initial genotypes of the individuals for each ppulation. If such a
le is present the initialization of the metapopulation is done solely by this le
ignoring the parametersntrl _ini _allele _model and patch _ini _size. A sin-
gle FSTAT le is needed for all types of neutral markers togéter containing
the total number of loci of all neutral markers together. Notethat quan-
tiNEMO allows to output an appropriate le for any generation (see param-
eter ntrl _save_genotype ). This allows to resume a simulation, to generate
tailored initial conditions, or to continue a simulation with modi ed settings.
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If the parameter ntrl _save_genotype is set to 2 an extended FSTAT le is
generated. Also this le may be used to initialize the metapagation. In
this case quantiNEMO overtakes the supplement informationrpvided by the
le, especially the sex and age of the individual, the indexfdhe individual,
its mother and father. Thus the supplement information allars to resume a
simulation without the loss of the pedigree. Note, that for arntire resume of
a simulation also the genotypes of the quantitative traits ave to be set (see
parameter quanti _save_genotype ). In this case the number of individuals
per patch and the individuals supplement information (sexage, individuals
id, mothers id, fathers id must be in agreement with each othe

ntrl _ini _allele _-model [0,1] (default: 0)
If the genotypes or allele frequencies are not already de shén another way,
the initialization of the genotypes may be either polymorpic, where the prob-
ability of each allele is identically or monomorphic, wherall populations are
xed for a single allele.

0 : polymorph. The populations are maximally polymorph in respect to al-
lele frequencies at the start of a simulation.

1 : monomorph. The populations are monomorph in respect to allele fre-
guencies at the start of a simulation. All individuals are xa for a
single allele, which is the "middle" allele, i.e. the allelsvith the index
bntrl_all=2c.

7.4 Multiple traits

Di erent types of neutral markers can be combined within thesame simulation.
Each type may have its own parameterization.

ntrl _nb _trait [integer] (default: 1)
This parameter de nes the number of di erent types of neutramarkers.

Each type of neutral markers may have its own speci cationgut it is also possible
to specify parameters for some types of neutral markers tdager. If several types
of neutral markers are used it is possible to address a cerntdype by the number
of the type. For instance to specify a parameter for the fth ype one has to add a
" _5" to the parameter name. In contrast, if for the fth trait no parameter with he
sux " 5" is passed quantiNEMO checks if the parameter is passed for tfairth
type (sux "_4"). If this is also not the case quantiNEMO checks if the paramet is
passed for the third type (su x "_3"), and so fort until a parameter is found. Note,
that a parameter without a su x is the same as the parameter wth the sux "_1".
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This behavior of quantiNEMO allows to specify parameters foa group of types of
neutral markers. An example may make it more clear:

ntrl _nb_trait 2

# SNP (type 1)
ntrl _loci_1 100
ntrl _all_1 2

# STR (type 2)
ntrl _loci_2 10
ntrl _all_2 20

# same mutation rate for SNPs and STRs
ntrl _mutation _rate 0.0001

In this example we simulate 2 types of neutral markers: SNPs@$TRs (microsatel-
lites). We simulate 100 SNPs each with two alleles, and 10 STRach with up to
20 alleles. The mutation rate is assumed to be the same for hdipes of markers,
i.e. 0.0001.

7.5 Genetic map

gquantiNEMO has an underlying genetic map, which may consisf geveral chromo-
somes. This allows to explicitly position all types of locimthe map (quantitative
trait loci (QTL) and neutral markers). The unit of the genetic map is centi Morgans
(Haldang 1919 cM). If the genetic map is not speci ed by either of the follwing
parameters, the loci are assumed to be unlinked and indepemd.

ntrl _loci _positions [matrix] (default: ")
For each trait this parameter allows to specify explicitly he loci position in
centi Morgans from the beginning of the chromosome. The bilats separate
the chromosomes. Within a chromosome loci are separated bg@ace. Note,
that chromosomes may contain di erent numbers of loci, buthat the total
number of loci must correspond to the parametentrl_loci. It is possible to
skip chromosomes if they don't contain loci (see secti¢h3.5.9:

ntrl _loci 11
ntrl _loci_positions f f 1: 10g
f3: 10 40 60 80 100
f 10 40 60 80 109 g

In the example above, the neutral marker is de ned by 11 locotated on three
of at least four chromosomes. The rst chromosome containssingle locus at
position 10 cM. No loci are located on the second chromosomeheTthird and
fourth chromosomes have 5 loci at positions 10, 40, 60, 80dat00 cM.
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ntrl _loci _positions _random [matrix] (default: ")
This parameter allows to specify the number of chromosomesdatheir lengths.
The loci are then randomly positioned on the chromosomes. &matrix con-
tains the length of each chromosome in cM. It is possible todinp" chromo-
somes if they don't contain loci (see sectioR.3.5.9:

ntrl _loci 11
ntrl _locus_positions_random f f 1: 100g f3: 100g f100g g

11 loci of this type of neutral marker are located on three oudf four chromo-
somes. The loci are randomly positioned on the rst 100 cMs @fach chro-
mosome. No loci of this type of neutral marker are located on @mosome
2.

For every simulated replicate where a genetic map is simuét the entire genetic
map (including QTLs and neutral loci) is dumped to a le named'genetic. map.txt"
stored in the simulation folder. If multiple replicates aresimulated a replicate
counter (example r3) is inserted before the extension. Using the parametge-
netic _map _output it is possible to suppress this output.

7.6 Genotype output

The neutral genotype of all or a part of the individuals may peodically be stored
to les similar to the genotype of quantitative traits. The output les will be stored

in the folder given by the parametemntrl_genotdir and will have the name of the
base le name (see parametedlename in section4). The extension is ".dat". A

counter for the generation (e.g..g05) and the replicate (e.g..r4) is inserted before
the extension. An example of such a le name isimulationg05r4.dat".

ntrl _save_genotype [0,1,2] (default: 0)
This parameter speci es the output of the neutral genotype.

0 : None. No output is generated.

1. FSTAT. The output contains the genotypes in the FSTAT format Goudet,
1995.

2 . FSTAT extended. Same as point 1, but the le contain the following six
additional columns: the age class (1 = o spring, 2 = adult), he sex (0 =
male; 1 = female), the ID of the individual, the ID of the mothe, the ID of
the father, and the tness of the individual. The ID is a uniqte identi er
for each individual of a simulation in the format "34523", meaning that
this is the 345th individual born in patch 23. The IDs of the imdlividual,
the mother and the father allow to extract pedigree informabns, if the
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output is stored for each generation, and also to investigathe migration
behavior of the individual and its parents.

An example of such a le @trl_savegenotypeis set to 2):

54 20 2

loc 1

loc 2

loc 3

loc 4

1 1415 1019 2002 0820 1 1 1@ 1.1 0.1 0.345
1 0814 0219 2002 2020 1 1 11 8.1 2.4 0.334
1 0808 0217 1902 0820 1 1 12 5.3 5.1 0.123
5 1004 0917 1404 1007 1 1 16 9.5 3.2 0.999
5 2017 1010 2013 1812 1 0 1% 3.2 9.2 1.000
5 2017 1008 2013 1811 1 1 14 8.2 9.2 0.678

The rst line contains the number of patches (5 patches hergjhe number of
loci (5), the highest possible allele index (20), and the numer of digits used
to write each allele (2). The next four lines contain the locsi names. The
following lines contain the individual's info, one individial per line. The rst
number is the patch number of the individual, followed by theyenotype. Each
column represents a locus, and the rst half of the locus repsent the rst
allele index, while the second half of the locus the seconded at the given
locus. In this example, we are using two digit per allele, thest two digits of a
locus genotype number are the index of the rst allele (e.g.llale 14 for the rst
allele of the rst locus of the rst individual) while the two next digits are the
index of the second allele (e.g. allele 15 for the second lallef the rst locus of
the rstindividual). Each line ends with six columns consiing supplementary
information on the individual (see above) if the parametentrl_savegenotype
is set to 2.

ntrl _genot _dir [string] (default: ")
This parameter allows to specify the subdirectory where thgenotypes are
stored. If not speci ed (default) the output is stored in thesimulation folder
(parameter folden.

ntrl _genot _logtime [integer] (temporal/default: 1)
This parameter speci es the interval of the genotype outputSince the param-
eter may change over time the output may be generated at any rggration.

ntrl _genot _script [string] (default: ")
It is possible to launch a script just after the genotype le $ generated. The
argument of the parameter is the le name of the script. The mae of the
genotype le is passed as unique parameter to the script.
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ntrl _genot _sex [0,1,2] (default: 0)
This parameter allows to choose which sex is output.

0 : Both. Output includes both sexes.
1 : Females. Output includes only female genotypes.
2 . Males. Output includes only male genotypes.

ntrl _genot _age [0,1,2] (default: 0)
This parameter allows to choose which age is output.

0 : Adults. Output includes only adult genotypes.
1 : Juveniles. Output includes only juvenile genotypes.
2 : Both. Output includes juveniles and adults genotypes.

7.7 Summary statistics

The summary statistics listed in the table below are availdb for neutral markers.
The column Stat namecontains the name of the summary statistic used to specify
which summary statistics are computed (parametestat, for details see sectior3.2).
These names appear also in the output le. The columBescriptioncontains a short
description of the summary statistic.

Some of the summary statistics are available for adults andspring (indicated by
(adlt/o ) ). To obtain a certain summary statistic for adults the pre x adlt. has to
be added to the summary statistic name (e.gadlt.allnh, respectively the pre xo.

to obtain the summary statistic for o spring (e.g. o .allnb).

Some of the summary statistics are computed for each patchpseately (indicated
by (computed for each patch)n the table), others for each pair of patches (indicated
by (all pairwise combinations computed) Depending on the number of patches this
may lead to the computation of a large number of summary staiics. The names
of such summary statistics are marked in the output le with he index of the patch:
"_pX", respectively "_pX-Y " for pairwise summary statistics. X and Y stand for
the patch index starting with 1.

The summary statistics are computed for every type of neuttanarker. If several
guantitative traits are simulated the post x " _tY" is added to the summary statistic
name in the output le.

The summary statistic name (columnStat namé may be used to specify the sum-
mary statistic to be computed (e.g.adlt.fst). Similar summary statistics (within a
thematic group) may be obtained at once using the name withiequare brackets
after the group title (e.g. adlt.fstaf). Using this group statistic name all summary
statistics of the thematic group marked with a star (*) will be computed.
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Table 7.1: Summary statistics available for neutral marker

Stat name Description

Genotype coancestnjn.(adlt/o ).coa]
n.(adlt/o ).theta mean within patch coancestry*
n.(adlt/o ).alpha mean between patch coancestry*

n.(adlt/o ).thetaFF mean within patch, within females coancestry*
n.(adlt/o ).thetaMM  mean within patch, within males coanc estry*
n.(adlt/o ).thetaFM mean within patch, between sexes coamestry*
n.(adlt/o ).coa.fsib mean coancestry within full-siblings*
n.(adlt/o ).coa.phsib  mean coancestry within paternal haf-siblings*
n.(adlt/o ).coa.mhsib mean coancestry within maternal haf-siblings*
n.(adlt/o ).coa.nsib mean coancestry within non-siblings*
n.(adlt/o ).theta p mean coancestry within patch (computed for each patch)
n.(adlt/o ).alpha _pair mean coancestry between patchandj (all pairwise com-
binations computed)
Genetic diversity [n.(adlt/o ).gendiv]

n.(adlt/o ).nbAll mean number of alleles per locus across tk entire metapop-
ulation*
n.(adlt/o ).meanAll mean number of alleles per locus and path*

n.(adlt/o ).nbFixLoc  number of xed loci across the entire metapopulation*
n.(adlt/o ).meanFixLoc mean number of xed loci per patches*

n.(adlt/o ).ho observed heterozygosity followingNei and Chesse(1983*

n.(adlt/o ).hs expected heterozygosity followingNei and Chesse(1983*

n.(adlt/o ).ht total expected heterozygosity following Nei and Chesser
(1983~

n.(adlt/o ).nbAll _p mean number of alleles per locus within patch(computed

for each patch)
n.(adlt/o ).nbFixLoc _p number of xed loci within patch i (computed for each

patch)
n.(adlt/o ).ho p observed heterozygosity within patch i following
Nei and Chessef1983 (computed for each patch)
n.(adlt/o ).hs p expected heterozygosity within patch i following

Nei and Chesse(1983 (computed for each patch)
F-statistics following Nei and Chessel (1983 [n.(adlt/o ).fstat]

n.(adlt/o ).fst global Fsr*
n.(adlt/o ). s global Fis*
n.(adlt/o ). t global F+*

Table 7.1 continued on next page
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Stat name Description

n.(adlt/o ).fst _pair pairwise Fst between patchi andj (all pairwise combina-
tions computed)

F-statistics following Weir and Cockerham(1984) [n.(adlt/o ).fstat.wc]

n.(adlt/o ).fst.wc global Fgt*
n.(adlt/o ). s.wc global Fs*
n.(adlt/o ). t.wc global Fr*

n.(adlt/o ).fst.wc _pair pairwise Fst between patchi and|j (all pairwise combina-
tions computed)

Table 7.1: Summary statistics available for neutral markers contired
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