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Citations for the concepts, algorithms, and program flow — although a little out of date because
they describe version 9 or earlier (but still mostly are accurate descriptions of the standard
VORTEX model) — include:

Lacy, R.C. 1993. VORTEX: A computer simulation model for Population Viability Analysis.
Wildlife Research 20:45-65.

Lacy, R.C. 1993/1994. What is Population (and Habitat) Viability Analysis? Primate
Conservation 14/15:27-33.

Lacy, R.C. 2000. Considering threats to the viability of small populations. Ecological Bulletins
48:39-51.

Lacy, R.C. 2000. Structure of the VORTEX simulation model for population viability analysis.
Ecological Bulletins 48:191-203.

Much of the material from the first two papers is incorporated into an Appendix. The last two are
reprinted at the end of this manual. Many references to uses of VORTEX are available on web at
http://www.Vortex10.org/VortexReferences.aspx . Users are encouraged to add their own papers
to the list of references on the Vortex10.org website!

Using this manual

This document provides an initial description of how to use VORTEX version 10. It updates
information that was in the manual for version 9, and it provides new information on features
that have been added or changed from version 9. The main part of the manual focuses on the
details of using the VORTEX user interface. Text that you would type as input is shown in Bold
Microsoft San Serif font. There are also appendices that provide more background about the
structure of the program and its use for Population Viability Analysis. The references are still
being updated and expanded, and more will be added. Boxes throughout the manual provide
helpful hints, information about making the transition from version 9 to version 10, examples or
case studies, and other side comments. Table of Contents entries are hyperlinked to those pages.
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Getting Started

Installation

Download the Vortex10Installation.msi from www.vortex10.org/Vortex10.aspx, and run the msi
to install the program. The program and your projects folder can be installed anywhere, although
your projects will need to be installed in a folder where you have full read/write access. (On
many systems, especially if managed by an IT department, users are not authorized to access
files in folders such as “Program Files”, or sometimes in any folder except those within
“MyDocuments”.)

On some old Windows systems, the Vortex10Installation.msi file cannot be started by just
double-clicking on that installation file. In that case, the user can install VORTEX by running the
Setup.exe that is included with the .msi file in a zip file available on the website. (The two files
should first be extracted from the zip file.)

A Quietlnstallation is available (www.vortex10.org/Downloads/Vortex10QuietInstallation.msi )
for users (primarily system administrators) who wish to install VORTEX into default directories
without any need for user interaction during the installation. This can be useful if you are
installing on a 100 computers for a classroom.

A Note about Cost

VORTEX is provided free of charge because of the commitment of the Chicago Zoological Society
to making it widely available to further biodiversity conservation. Similarly, the manual,
developed in partnership with the CBSG, is provided for downloading because the CBSG cares
about saving species and their habitats. However, the initial development and continuing
improvement of the software and manual do represent a significant commitment by these
conservation organizations. The rate at which improvements can be made is determined by the
resources available to support that work.

If your budget allows it, please consider making a donation to support the further development of
VORTEX. If you find the software to be especially valuable to you, consider donating perhaps
US$100 (a wild guess about the investment of resources per user that have gone into VORTEX), or
more or less as you feel is appropriate, to the Chicago Zoological Society. If you find the manual
to be especially helpful, consider donating to the CBSG. As a side benefit to US tax-payers,
donations to either the Chicago Zoological Society or the CBSG are tax-deductible. Donations to
the Chicago Zoological Society should be as a check written to the Chicago Zoological Society,
sent to “Vortex donation, CET, Chicago Zoological Society, Brookfield, IL 60513 USA".
Donations to the CBSG should be sent to "Vortex donation, CBSG, 12101 Johnny Cake Ridge
Road, Apple Valley, MN 55124, USA".


http://www.vortex10.org/Vortex10.aspx
http://www.vortex10.org/Downloads/Vortex10QuietInstallation.msi

Starting VORTEX

Most users will create and run VORTEX population simulations from within the VORTEX user
interface, although the functionality of the VORTEX simulation is available within program
libraries (dlI files) that can be accessed by other interfaces (such as METAMODEL MANAGER,
available at www.vortex10.org/MeMoMa.aspx) and VORTEX Project files created in any software
can be run from a command line version of VORTEX (see below). The opening window provides
options to start a new Project (which will initially have a default scenario), open an existing
previously saved Project, or open a list of recently opened Projects for quicker access.

Vortex 10

A stochastic simulation of the extinction process
Wersion 10.1.0.0

Begin a New Project

Open a Project: Existing | Becert
Quit

Copyright 2015 Chicago Zoological Society
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If you start a new Project with the default scenario, it is important to go through every input page
to change the initial default input values to something that is appropriate for your case. The
default values let you run a test scenario just to see that VORTEX is working for you, and the
defaults also are often useful indicators of the magnitude and format of a typical input value
(e.g., a percent, or an integer, or a number from 0 to 1). However, if you forget to change the
default values on an input page while you are creating a scenario for your analysis, you may not
be getting the scenario that you had intended.

When you select an existing Project, the Open dialog will initially go to the last folder in which
you had worked, but you can navigate to other folders. The default project file type searched for
will be an xml file, but the dropdown list also allows you to instead search for VORTEX 9 vpj files.

Z Dpen
v Computer » O5(C) » ‘u’orte:d.UProJects 3 NemeJect 0 - 41}' Search
L B W = 3 F B e
Organize » Mew folder
Y Favorites MName Date modified Type
Bl Desktop 3 . VOutput 3/12/2014 5:12 PM File folder
4 Downloads 2] beginning pop 700.xml 3/3/2014 2:18 PM XML Document
J Dropbox 2] Censervation.xml 3/12/2014 5:12 PM XML Document
5] Recent Places =] Hainan Gibbon.xml 3/8/2014 12:21 PM XML Document
2] New Projectxml 2/11/2014 2:54 PM XML Document
Bl Desktop
=3 Libraries
3 Documents ~ [ m b
5 items
I
File name: - [‘ufortex Project File (".xml) v]
[ Open l [ Cancel l

Unlike version 9, Vortex cannot have several projects open at once. However, you can start
several instances of Vortex and have each one running a different project. On modern multi-
core processors, several concurrent Vortex’s may run almost as quickly as a single Vortex
runs its simulation. However, don’t open the same project simultaneously in several instances
of Vortex, because they will likely run into conflicts while writing to output files. Also, it is
best not to run multiple projects in the same folder at the same time, because a conflict can
sometimes occur during the writing of temporary files. It is safest to run the multiple projects
in different folders.

Running VORTEX from a Command prompt

It is sometimes useful to be able to run VORTEX projects from a command prompt, rather than
from within the user interface. The most common need for this is when someone writes an
external shell program (usually in R) to generate a large number of scenarios for testing — for
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example, to run sensitivity tests that use a different sampling scheme than the ones available
within the ST module of the interface.

To run VORTEX from a command line, instead of starting Vortex10.exe, use the program
Vortex10Command.exe that is included in the installation. Then, to run a VORTEX model from an

OS command, use syntax as in:
"C:\Program Files\Vortex10\Vortex10Command.exe" "C:\Vortex10Projects\ZPG.xml" "1,2"

You would need to specify whatever paths contain your program and project files (and it is safest
to fully specify paths rather than assuming that a default location will work). The additional (and
optional) parameter “1,2” in the example above specifies that the 1% and 2™ scenarios in the
project file are to be run. Enclose the string of scenario numbers within quotes, so that it is read
as a single commend line parameter rather than as a series of parameters. The quotes around the
program and project file names avoid problems with ’\” vs ¢/* in the paths. (But if the above
syntax does not work for you, try it with ¢/> symbols instead.) If you do not provide on the
command line a list of the scenarios to be run, then all scenarios in the project will run, except
for suites of ST samples (which are not stored within the project file as fully specified scenarios).

An important note about regional data formats: Vortex will use whichever numeric data
format (e.g., 0.50 or 0,50 for '%) is appropriate for the regional settings on the computer.
However, Project files cannot be transferred between computers that use different numeric
data formats, unless they are first manually edited to convert the data.

Input files

The VORTEX project files will be saved in .xml format. Although it is easiest to enter input values
from the user interface, the project files that specify input values can be edited directly in a
browser or text editor, if great care is taken to format everything in the file properly. This can be
useful if VORTEX scenarios are being created by an external shell program.

Conversion hint: The change to .xml files was made because they can be more forgiving of

possible errors in the file format, and in the future this will make it easier to open old projects
in upgraded versions of Vortex. Be careful, however, that after you save a project in the .xml
format you will later want to open that new .xml file and not the prior .vpj file from Vortex9.

VORTEX 10 can still read VORTEX 9 vpj project files. However, because the syntax of some
variables used in functions has been changed (see below), some editing of input values may be
necessary to get a VORTEX 9 project to run correctly in VORTEX 10. Files saved in VORTEX 10
format cannot be read subsequently by VORTEX 9. Sensitivity Testing specifications in a
VORTEX 9 vpj file will not be read into VORTEX 10, because the ST module has been
completely changed. After reading any Vortex9 vpj files into Vortex10, go through all input
sections to be certain that values were translated correctly between versions, and fix any that
were not.




A caution about directly editing the Project file: XML uses the symbols > and < in a special way
to demarcate data fields. Therefore, you can’t type a function that uses these symbols into the
XML file, or you will corrupt the file. Within XML files, the greater than and less than symbols
are converted to the codes “&gt;” and “&lt;”. VORTEX does this conversion automatically when it
saves and then reads the .xml Project file but you will need to do it if you edit the .xml file
outside of the VORTEX interface.

Output files

The output data that are displayed in text, tables, and graphs are all saved in files that are placed
in the VOutput subfolder of your project folder. Mostly the files are formatted so that they can be
imported into Excel and they data will all be in columns with appropriate headers. This allows
the data to be analyzed easily by statistical or other software outside of VORTEX.

Navigating around VORTEX

VORTEX has four basic levels of navigation. At the top of the VORTEX window are a few high-
level menus for File operations, running the Simulation, and asking for Help. The Help
command, which can be invoked from the Help menu, from the ‘?” icon, or from any window by
hitting F1, will open the manual in Acrobat Reader (which must exist on the computer for the
manual to be used). The Help command will try to go to the page of the manual that is
appropriate for where you were in the program, but you can browse through the file or search
(with ctrl-F) for key words to find the help that you need. The vortex10.org website includes a
FAQ section to which users can post questions and answer questions posted by others.

Under the top menus is a row of buttons that provide quick ways to get to many of the same
features that are available in the menus. Below these are a series of five tabbed sections. Each of
these is explained (to some extent) below. Within these tabbed sections, there are various
methods to navigate around parts of the section.

On most screens, if you hover the mouse over a label (e.g., for an icon or menu item, or for an
input variable or input table), VORTEX will often pop up short text (a “tooltip™) that explains the
button or variable further. When you hover over a data entry box, it will often pop up a tooltip
that states what kind of data is expected. One clue as to if a data entry box expects a text or can
accept a function (in place of a number) is that often the box will be relatively small if you must
enter a simple number, but it will be long if you should enter text or can enter a function.

To enter a function in place of a constant number in VORTEX, preface your function with the =

sign, as in =40+10*(A>3) to set a rate to be 40 for individuals up through 3 years of age, and a
rate of 50 thereafter.
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A caution about models with long run-time

If an analysis requires a very long time to complete, it is possible that Windows will enter a sleep
(suspend) mode when it does not detect any activity from the user. (MS Windows is sometimes
too stupid to detect that a program is busy working.) You can prevent this by setting Windows
power-management settings to not enter sleep mode when it does not detect user activity.
Screen-saver mode is OK, as it will not stop VORTEX from working, and screen saver mode (or
otherwise disabling the screen display) may actually allow VORTEX to run a little faster. Just do
not let Windows enter “Sleep” or “Suspend” mode when VORTEX is running; otherwise, VORTEX
will indeed suspend its work.

Getting updates

In the Help menu is an option to Check for Updates. This will go to the VORTEX website and
compare the most recently released version against the version that you are using. If a more
recent version is available, then a window will open that provides the links to get the latest
installation. It is recommended that you check for updates occasionally, especially if you
encounter a problem that you think may be a bug. (That bug might already have been fixed!)

The installation of VORTEX will place into the VORTEX program folder a document file (Change

Log for Vortex10.doc) that lists the primary changes that have been made recently to the VORTEX
program. This change log is also available on the website.
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Creating your Vortex Project — Entering data

Project Settings

Project Name

A Project Name can be almost any label that you want. However, it will be used in the filenames
for output files, so do not use any characters (such as '\', /', '*', or '?") that might be invalid within
a filename. You might want to use relatively short Project Names to avoid very long file names.

Project Notes

In the Project Settings, you have the option to add any notes that you wish to make to document
the Project. It is also often helpful to include within these Project Notes the names of the user
team that is developing the project (this documentation may be especially helpful in workshop or
classroom settings).

We strongly encourage you to take the time to add notes to your Project at this window, during specification of input
parameters, and in your Project Report. The extra few minutes you spend documenting your work

.3 may save you and others many hours of work later, when you try to remember what information
and logic was used to create the project. Unfortunately, many PVAs are not reproducible because
the authors did not fully document their work.

Z. Vortex 10 - New Project - C\Visual Studio 2010\Vortex\Vortex10\bin'\ReleaseNew Praject\New Projectxml ‘L-Z- =l g
File  Simulation Help
NEHE @& |De | p|sT

Project Settings |Simulaﬁon Input I Teat Output | Tahbles and Graphs I Project Report‘

Project Name New Project Special Options

Project Notes and Users [ Da not show graphs during iterations
[ Da not show messages during run
[ Da not include last papulation in metapopulation tally
[] Produce a file with the census forthe first 0 iterations
[ Produce a file of all living animals at the end of the first 1 iterations
[ Produce a file of all animals created in each of the first 1 iterations
|| Produce a file with Gene Diversity by year and teration
[ Produce files with the first 0 GSvars by year and iteration
[ Produce files with the first 0 PSvars by year and iteration
|| Delay 1st year mortality urtil all annual mortality is done (rather than in Breed)
[] Use "Harvest" to setto 0 1Svar: 1
[ Prioritize breeding based on |Svar: 1 {use negative for dynamic)
[ Include extinct and extant runs in Genetic summary statistics
[ Include extinct and extant runs in GSvar and PSvar summary statistics
[] Sample EV from Beta distibutions

Use undocumented options: MKD GDM2|
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Special Options

Special Options, available on the Project Settings page:

e Do not show graphs during iterations. It is fun to watch the simulations proceed, but if
you won’t be watching, then the simulations will run a little bit faster if you turn of the
graphs of changing population sizes.

e Do not show any messages to the user while running. This option can be useful if many
scenarios are running when the computer will not be attended.

¢ Do not include last population in metapopulation tally. This option is sometimes useful
when the last population represents an external source population for dispersal into your
other populations, or is the temporary holding population for a model with translocation.

e Produce a census file. This file (with extension .yr) can be useful if you want a detailed
tally of the population year by year. The file can become large, so you need to specify for
how many of the iterations you want to see such details.

e Produce a file of all living animals at the simulation. This file (with extension .ani) is
useful if you want to see details about each individual. The file can become large, so you
need to specify for how many of the iterations you want to see such details.

e Produce a file of all animals created in the iterations (with extension .all). You need to
specify for how many of the iterations you want to see such details. Even with a listing
for just one iteration, the file can be very large, so use with caution! One use of this file is
to feed it into a pedigree analysis such as PMx (see www.vortex10.org/PMx.aspx) to
conduct much more detailed genetic and demographic analyses on a simulated
population. (Some further editing of the headers of the .all file will likely be required to
prepare it as an input file for PMx or other pedigree analyses.) The file of all individuals
from a simulation can also be used as the input population for starting another Vortex
simulation. (See the Genetics input section for information about using a studbook file to
specify the starting population.)

e C(Create an output a file of gene diversity (heterozygosity) each year of each iteration. This
file (with extension .Het) is useful for more detailed analysis of genetics. (Note that an
output file of N for each year of each iteration is always produced.)

e Output a file of the value of GS1 through GSx (with the ‘x’ being a number) each year of
each iteration.

e Output a file of the value of PS1 through PSx (with the ‘x’ being a number) for each
population, each year of each iteration.
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Delay 1* year mortality until Mortality is imposed on all age classes. Normally, VORTEX
imposes the 1* year mortality immediately after a brood is produced. This avoids having
the population grow to very large size during the Breed step when a species has high
fecundity and high 1% year mortality. This immediate imposition of 1* year mortality
allows these early deaths to be removed before the kinship calculations are done, often
thereby allowing VORTEX to run much more quickly because large numbers of kinships
don’t need to be calculated for newborns that immediately die. The option to delay 1%
year mortality is provided for cases in which you want to tally, disperse, harvest, or
otherwise consider newborns before they are subjected to the 1* year mortality. Note,
however, that any deaths due to inbreeding depression are imposed at birth, regardless of
this option.

During harvest, instead of killing individuals that are “harvested”, set their ISx variable to
0. If °x’ 1s not specified, it is assumed to be IS1. This option can be used, for example, to
contracept a specific number of animals each year (assuming that you also set the
probability of breeding to be a function of IS1).

Use an Individual State variable to specify the order in which individuals are chosen for
pairing. This option works similarly to the Mean Kinship option in Genetics, but it allows
the user to create an ISvar that determines the priority for breeding. For example, pairs
can be made first for older animals, or more dominant ones, or the ones with the lowest
inbreeding. This option would normally be used with the Breed to K option in Genetic
Management, as otherwise all females would be available to breed (albeit in the specified
order). The priority for pairing will be from the lowest value of the specified ISvar (first)
to the highest (last). If a negative is placed before the ISvar code in the box, then the
breeding priority will be dynamic — meaning that the ISvar will be updated with its
Transition function after each pairing is made. In this way, the breeding priority can be
set to a function of, for example, the number of pairs already produced (PAIRS variable).

Include extinct and extant runs in Genetic summary statistics. Normally, population
statistics reporting gene diversity (expected heterozygosity), observed heterozygosity,
numbers of alleles, and genetic distances include only those iterations that were not
extinct (even if extinction is defined in your scenario as N > some critical size). This
option will include all runs, even extinct ones (and even ones that have N = 0 and
therefore genetic summary statistics of 0), in the calculation of means and SDs for
genetic summary statistics. (However, this option does not affect the optional output file
with allele frequencies, and genetic distances will not include runs when N = 0 for one of
the populations.)

Include extinct and extant runs in GSvar and PSvar summary statistics. Normally, means
and SDs reported for global and population state variables include only those iterations
that were not extinct (even if extinction is defined in your scenario as N > some critical
size). This option will include all runs, even extinct ones (and even ones that have N =0
and therefore state variables of 0), in the calculation of means and SDs for GDvars and
PSvars.

14



Sample EV from Beta distributions. VORTEX normally uses binomial distributions for
sampling environmental variation (EV) around reproductive and mortality rates. Normal
distributions will be used instead when they would be very close approximations to the
binomial distributions (which happens when EV is very small). If this Special Option is
checked, however, then VORTEX will instead use Beta distributions for sampling EV in
reproduction and mortality rates. Beta distributions are often used to describe uncertainty
in binomial processes and, like the binomial, they are restricted to the 0 to 1 interval. An
advantage of using Beta distributions is that they are continuous distributions, so the
specified SD for EV can be modeled exactly, whereas the discrete nature of binomial
distributions means that the user-specified SD often needs to be adjusted slightly to be
modeled with a binomial. A disadvantage of using Beta distributions is that the
simulations can be slower (occasionally much slower, depending on the input values)
than when EV is modeled with binomial distributions. It is not at all clear which shape
distribution would be more likely the best fit for EV in demographic rate, and a case
could be made that if EV is the result of multiple factors in the environment (which it
probably is) then EV would follow truncated normal distributions (which is what VORTEX
uses when EV is small and the truncation is minor). For most PV As, however, it seems to
matter almost not at all which distribution (binomial, normal, or beta) is used for EV.

Undocumented options are usually very special cases that won’t be used by many people, or are
options that are still being tested and are not yet ready for widespread use. The options are
invoked by giving the appropriate codes (separated by semi-colons or spaces if more than one) in
the box. A few of the current “undocumented” options are;

P — obtain the mate for each female from an ISvar labeled “MATE”. If MATE = -1, then
a mate is selected at random from the available males. The ISvar labeled “MATE” will be
the index of the individual to be used as the mate (if available).

This option allows the user to assign specific male x female pairings. A few uses of this
option might be to assign specific male-female pairings from animals in a studbook used
as the starting population; or to provide a means by which another program, through
Metamodel Manager, assigns the pairings.

To invoke this option, give the special option code P. An Individual State Variable must
also be created and given the label MATE. (It can be any of IS1, IS2, etc.) If the ISVar of
MATE is not provided, then this option is ignored, and this provides a means to have the
option invoked for some scenarios but not for others in a project file.

When mates are assigned to breeding females, if the ISvar MATE is a non-zero number,
and if that number matches the ID for a living animal (of either sex and of any age), then
that animal is assigned as the mate for the female. The value of MATE for males is
ignored. (I.e., males are assigned to females based on the value of MATE for the females,
but not the reverse.) If the value of MATE is 0 (or negative), then the female is assigned a
mate from the pool of available males, using the normal breeding system in VORTEX.
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Users must be careful about interactions between mate assignments and the probability of
breeding. Assignment of a mate does not guarantee that a female will breed and produce
offspring. Instead, her probability of breeding each year is determined by the %breeding
input parameter. Note that an easy way to enable breeding success for females assigned
mates and prevent any female from breeding if she does not have a pre-assigned MATE
would be to set the %breeding to be the function =IS1*100 (in which IS1 is the ISvar
labeled MATE). If females assigned mates should have a breeding rate < 100%, this can
be modeled by setting the %breeding to be =(1S1>0)*X, in which x is replaced by the
%breeding desired for those females. To set different breeding rates for females already
assigned mates (say, 55) and females not yet assigned mates (say, 45), the %breeding can

be set to =(1S1=0)*45+(1S1>0)*55.

Q - obtain mates from ISvar MATE (as with option P), but look for the male with ISvar
= “name”, rather than [Svar = “index” (sequence in the list).

Ix — read x ISvars from the studbook file specifying the starting population. Replace x
with a number.

Dx — make offspring dependent on the dam for x years. Thus, a newborn is specified to
be dependent on the dam until it becomes x years old. This will use IS1 (which you must
create, giving it appropriate Initialization Fn (usually =0), Birth Fn = 0, and Transition Fn
=1S1) as a place to store for each female the number of currently living, still dependent
offspring. This means that you can specify, for example, that only females with no
dependent young can breed each year. Moreover, if the dam dies, then all currently
dependent offspring are killed.

RT — during supplementation of individuals with the Translocation option, populations
are chosen in a random order to receive translocated (released) individuals, so that if
there are not enough individuals in the last population to fulfill the supplements, across
years and iterations each population will have an equal chance of receiving its specified
supplements. However, new supplements to the last population (or the holding
population, see next option) are always added after the supplements (translocations) into
the prior populations.

HPX — in the Translocation option, use population x (rather than the last population) as
the “holding population”.

MKD - For scenarios with more than 1 population, include in the Output Summary
genetic distances matrices based on the kinships, as well as the standard genetic distance
matrices based on allele frequencies.

GDMx — Specifies the metric of genetic distance between populations to be used when a
function includes the variable GDIST. When x=0 (the default), GDIST is Nei’s standard
genetic distance, D. Specify x=1 for the genetic identity (I); x = 2 for gene identity, Jxy;
and x = 3 for Gst. See the Genetics section for more information on these measures of
between-population genetic distance.
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KM — A matrix will be provided by the user to specify the kinships among some or all of
the initial individuals provided via a studbook (see Genetics section). The name and path
of this file with the kinships must be the same as the studbook file, except with extension
“.kin”. The file must contain coefficients of kinship (usually symbolized f; sometimes
termed the coefficient of consanguinity), NOT coefficients of relationship (r). (Detailed
explanation of the different measures of relatedness and methods for estimating kinship
from genealogical or genotypic data are beyond the scope of this manual. Seek help from
a population geneticist.) The format of the file should be a simple text file, with an initial
line that lists the IDs (matching the studbook numbers) of the individuals for which
kinships will be provided, followed by lines giving the kinships, as follows:

# Comments, to be ignored by the program, are preceded with ‘#
3 9 11 Joe A2
# IDs can be any combination of numbers and letters,
# but cannot contain spaces, commas, or semi-colons.
# Another comment: note that delimiters can be tabs, spaces, semi-colons,
# but NOT periods, because of the confusion that causes with non-American data formats.
# The decimal delimiter used should be whatever is appropriate for the data format of the
computer (e.g., a period in the USA, but a comma in most of Europe).
3;0.5;0.0;0.1; -1; 0.2
9 0.0 055 0.1 0.1 0.0
11 0.1 0.10.500.22 0.1
Joe -1; 0.1; 0.22; 0.5625; 0.0
# A value of -1 is a code for a missing kinship
A2 0.2 0.0 0.1 0.0 0.5
# Only the lower, left side of this symmetrical matrix needs to be provided,
# but it does not hurt to include the full matrix.

An alternative format for entering kinships is a file with pairwise kinships listed one per line
(rather than as a matrix). The line after the list of IDs must then contain the label “PAIRWISE”
somewhere in the line. An example with the same kinships as above:

# Comments, to be ignored by the program, are preceded with ‘#
3 9 11 Joe A2
PAIRWISE data entry
# This file format would be more convenient than the matrix when there are only a few kinships
3; 3,05
3;9;0.0
3;11;0.1
3; Joe; 0.2
# Note that missing values could be entered as -1, but the lines can also just be omitted
9;9; 0.55
9;11; 0.1
9; Joe; 0.1
9: A2; 0.0
11; 11;0.50
11; Joe; 0.22
11; A2; 0.1
Joe; Joe; 0.5625
Joe; A2; 0.0
A2; A2; 0.5
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Any kinships between initial individuals that are not assigned in this matrix will be set to 0 if the
individuals are founders (with “Unknown” or “Wild” parents) or set to the kinship that would
normally be calculated from the pedigree for descendants. Any kinships that are provided in the
matrix will replace the values that otherwise would be calculated by the program, and this will
also affect the kinships of all descendants of those individuals.

Note that when the KM option is used, often you will want the calculations of expected
heterozygosity (gene diversity) to be based on the kinships, rather than on the allele frequencies at
simulated loci. To achieve that, use the next Special Option.

KG — This option causes the calculations of expected heterozygosity (gene diversity) to
be based on the kinships, rather than on the allele frequencies at simulated loci (as is
otherwise done by VORTEX). When initial kinships are 0 (the default), these two methods
of calculating gene diversity will yield very similar results. However, if you specify
different kinship structure among the initial individuals (via the Genetics option to
specify all starting kinships, or via the Special Option KM), then it will often be more
useful to see the gene diversities that arise from those initial kinships. Note that the initial
kinships have no effect on the initial alleles assigned at the modeled loci, and thus have
no effect on genetic metrics calculated from allele frequencies.

Caution: Special Options are applied to all scenarios in your project. Therefore, if you want to
apply a special option to only some scenarios, you will need to remember to toggle that option
on and off when you run the different scenarios. Some Special Options may be moved into the
standard input sections after they are well tested and deemed to be broadly useful.
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Simulation Input

Navigate between the pages of input by clicking on the labels in the left-side column. It often
makes sense to enter data in the sequence in which the pages are listed, but you can enter data in
any order.

Adding, deleting, re-ordering, and moving among Scenarios

The Add, Delete, and Reorder buttons for Scenarios are fairly intuitive. The three methods for
moving between Scenarios are to click on the << or >> buttons, use the DropDown list, or click
on a Scenario label from the horizontal list. If there are many Scenarios, or they have long
names, then the horizontal list will extend beyond the window and further Scenarios can be
accessed from a small DropDown at the far right edge of the list.

Section Notes

On each page of input, you can (and should!) enter Notes to document the sources of data or
perhaps the uncertainty about data values. Notes about input values are entered within a text box
for each input section. When you save your Project, these notes are inserted into the file (with
.inp extension) that lists all the input values for a scenario. They are also automatically placed
into a separate text file (with extension .notes) that lists only the Notes.

Short-cuts when you have multiple populations

On the input pages described below, if you have more one population then there will be a tool
below the list of input pages that lets you copy all population-specific values from any
population to all the subsequent populations. You choose if to copy only for the current page or
also for all pages of input.
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Quick view of Deterministic Rates

When entering input values, hitting ctrl-D or clicking on the “Det.” icon will pop up a window
that gives the deterministic rates (r, lambda, R0, and generation time) for each of the populations
of the current Scenario. This is a quick way to check to see if your input values will produce a
positive population growth, in the absence of any stochastic variation.

& Deterministic Rates ﬂ h— E@ﬂ_hj

Deterministic rates for cument values in scenario: Default Scenario
Population Population2

; F— 0104 01094
lambda 1.1156 1.1156
RO 17225 17225
Female Generation Time 497 497
Male Generation Time 4597 4397
Mezan Generation Time 497 4.97

e — E—

To calculate these statistics on the deterministic population growth rates, VORTEX uses the same
approach as the one described in Ricklefs (1982), and many other population ecology texts.

As a very brief summary of the methods ...

RO, the net reproductive rate, is first calculated as Sum(LxMx), in which Lx is the age-specific
survival and Mx (denoted Bx by Ricklefs, but Mx by some other authors) is the fecundity, and
the summation is over all age classes (x).

An approximate (and usually pretty good) estimate of T (generation time) can be obtained by
Sum(x Lx Mx) / Sum(Lx Mx).
And an approximate value for r (exponential growth rate) can then be obtained as In(R0)/T.

VORTEX, however, goes to the trouble to get a more accurate estimate by determining the value of
r that solves the “Euler equation”
1 = Sum(exp(-rx) * Lx * Mx).

T is then obtained as In(RO)/r.

When VORTEX does the deterministic calculations, it averages the impact of any catastrophes on
fecundity and survival, so that the demographic rates are reduced to the means across all
catastrophe and non-catastrophe years. It also adjusts for unequal sex ratio, and calculates a
separate T for females and males, under the assumption that fecundity is driven by females and
that the population’s total fecundity is then evenly allocated to the adult males. In these
calculations, it does not consider the effects of inbreeding, density dependence, and stochastic
fluctuations due to EV (all of which cause the demographic calculations to vary in unpredictable
ways).
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Scenario Settings

Scenario Name: The Scenario Name can be almost any label that you want. However, like the

Project Name, it will be used in the filenames for output files, so do not use any characters (such

as'\', /", "™ or '?") that might be invalid within a filename.

- ™
2 Vortex 10 - New Project - CAVortex10Projects\New Project\New P@mmﬁ =

File  Simulation

State Variables

Carrying Capacity
Harvest

Supplementation
Genetics

Copy input values from

Initial Population Size

Crern

to subsequent populations

H
P

Help

NS H || & |t | P |sT

Project Settings | Simulation Input |Tead Output | Tables and Graphs I Project H.eport|

Scenarios: Add Delete Reorder | Current: Default Scenario

Scenario Settings

Species Description

[T Run as population-based model

Mate Monopolization

©) Total N <

Mumber of populations 3

- | Default Scenarie

Scenario name Defautt Scenario
Dispersal
Reproductive System Number of iterations 100
Reproductive Rates Number of years fimesteps) 100
Mortality Rates Duration of each yearin days 365
Catastrophes

Extinction definition @ Only 1sex remains

critical size

[ Reorder Populations {use with caution!) ]

Mame Populationd PopulationB

Population 1 Population 2 Population 3

PopulationC

Crder of events in a Vortex year

Breed
Mortality
Age
[Cisperse
Harvest
Supplement
Calc
Kiruncation
UpdateVars
Census

L

[ Delete ][ Down ]

Changing the sequence of events in the simulated year can
have complex implications for your model. |t is recommended
that you become familiar with the standard Vortex model
before you try changing the sequence.

»

m

Number of Iterations: How many times you wish to repeat the simulation, given the data that you

provide in the subsequent steps? Each repetition is generally defined as a “run” or “iteration”.

Because VORTEX uses a random number generator to simulate random events in the life cycle, no

two iterations will be identical. Thus, to obtain a more complete picture of your simulated

population, you will want to generate multiple iterations of your model.

As a first step, you may want to make sure that the simulated population is behaving in a manner
that is similar to your expectations. To check this, you can limit the number of iterations to just

10 or 20. If you wish to obtain a relatively crude picture or your results, use 100 iterations. Once
you are comfortable with the model and wish to obtain a more rigorous description of the
simulated population’s behavior, it is not excessive to enter 500 or even 1000 iterations. Note
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that commas are not used when specifying larger numbers during the input process, even if your
computer is set to use American data formats.

Number of years: How far into the future do you wish to project your population? The usual
answer to this question is 100 to 200 years, although a shorter duration can be entered so that you
can assess the validity of your input parameters, or to examine the short-term viability of a
population. If you simulate your population for just a few decades, however, you should be
aware that processes controlling population dynamics might be leading the population toward
extinction but, especially for long-lived species, the final extinction may not occur until a later
time. By the time that the factors influencing extinction are apparent, the process may be so far
along as to be almost irreversible. One of the major advantages of PVA modeling is that it can
reveal the instability of a population long before it would be apparent through field observations.

Duration of each year in days: VORTEX does not necessarily require “years” to be defined as
calendar years. Rather, the program operates more broadly in terms of “time cycles”. If the
species you are modeling has a short generation time and life span, on the order of weeks or
months—such as mice or shrews, for example—true calendar years would be an inappropriate
time scale to use for modeling population dynamics. In this case, a “year” for this type of species
may actually represent only one or a few months. VORTEX does not use the value that you put into
this box; the box is there primarily to remind you if you choose to use a duration of the time step
that is different the one calendar year. However, this value is important if you link your VORTEX
model to other simulations via the METAMODEL MANAGER software (see
www.vortex10.org/MeMoMe.aspx for more information). METAMODEL MANAGER uses this
variable to know how to synchronize the VORTEX simulation with other simulations that might be
using a different time cycle.

When specifying demographic inputs, it is vitally important that you consistently adjust input
values to be appropriate to the time cycle that you are using (see Box below for an example).

Calculating input parameters when the “time cycle” is less than one year

Consider a hypothetical rodent population where the average generation time is 180 days. In order to
model this population most effectively in VORTEX, the user must adjust the “time cycle” to account for
this shortened generation time. In this case, we will define a VORTEX “year” as 90 days. Consequently,
events whose occurrences are typically described on an annual or per-generation basis must be
redefined in terms of the new definition of “year”.

For example, consider a major catastrophic flood that is thought to occur on average once every 100
years. The annual probability of occurrence, then, is 0.01. Because of the altered definition of “year”,
the rodent model must define the probability that this flood will occur in any given 90-day interval. The
number of 90-day time cycles in a calendar year is T =365 / 90 = 4.06. Therefore,

_ Pl’(f|00d)365 _ 0.010
T 4.06

Pr(flood)gg =0.0025.

The same considerations must be applied to all other demographic rates, such as mortality, age of first
and last breeding, etc. In addition, appropriate migration, harvesting and supplementation rates must be
established relative to the revised time cycle.



http://www.vortex10.org/MeMoMe.aspx

Population-based modeling: The simulation can be run as a population-based model, rather than
as an individual-based model. In a population-based simulation, all genetic options and modeling
(e.g., of inbreeding depression) are disabled, as is individual variation (demographic
stochasticity). Population-based models will run much faster than do individual-based models.

VORTEX 10 has no hard-coded limit on population size. Computer RAM might limit population size if
inbreeding depression is modeled. Inbreeding calculations will be very slow if N > 10,000. If N typically
stays above about 1000 throughout the simulation, it might be more efficient (much faster, with no
detectable change in results) to run the scenario as a population-based simulation. Note that inbreeding
calculations are fast (and do not require much memory) if inbreeding depression is modeled as due 100%
to recessive lethal alleles (and if no function uses inbreeding, |, or kinship, KIN, as a variable).

Extinction Definition: VORTEX gives you two methods to define “extinction” of your population.
For most sexually reproducing species, ultimate biological extinction is assured whenever the
population has declined to the point that it no longer has individuals of both sexes. In the first
(and most common) choice, extinction is simply defined as the absence of at least one sex.

You also have the option to assess the probability of a population dropping below a user-defined
threshold size — termed quasi-extinction. The use of quasi-extinction risk offers a useful
alternative to the standard extinction risk. If you chose to have the simulation tally quasi-
extinctions, you need to specify the threshold critical size below which a population is
considered extinct. The simulation will, however, continue to run, as the population may grow
again to a size above this threshold. Such recovery from quasi-extinction would be tallied as a
recolonization event. However you define “extinction” for the purpose of tallying extinctions, in
the Tables & Graphs section (see below) you will be able to assess the probability of quasi-
extinction across the range of final population sizes.

Number of Populations: VORTEX can model a single population or a complex metapopulation
composed of any number of populations. A metapopulation is a group of populations which,
because they often occupy fragmented, discontinuous habitat, exchange individuals with varying
frequency. Note that, because of the added complexities associated with metapopulations, these
models will often run considerably slower than the corresponding single-population models.

l:? The order of your Populations can later affect the ease | s Rearder Populations ‘ [-:-|-|EI-|_

of data entry (e.g., you can quickly copy demographic
rates from a population to later populations, but not to earlier
ones), or even the functioning of the model (e.g., in the
Translocation option, the last population will usually be used as
a holding location). Therefore, it is useful to think a minute
about what order you want your populations.

Change the order of Populations in the Scenario

F'-:nE-ulatiI:unE

PopulationC

Reorder Populations: You can change the order of the
Populations by clicking on the “Reorder Populations”
button. This feature should be used sparingly and with
caution, because (as noted above) the order will affect
how Translocation is implemented and also will affect
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how functions of Population (variable P) are interpreted. However, there are times when it is
very useful to reorder the Populations. For example, if you have a Scenario with 10 populations
and using Translocation, and you then want to insert a new Population (but not have it be the
holding location for Translocation), you can increase the number of Populations and then move
the new one up so that it is not last. When you are done moving Populations up or down in the
list, hit “OK”, or hit “Cancel” if you want to reject the changes and stay with the original order.

Population labels: The names that you give to each population are used only to label output. Use
any names that you want, but as with Project and Scenario names, do not use any characters
(such as \','/", "*', or '?") that might be invalid within a filename, because the population names
will be used within some filenames.

Annual sequence: The sequence of events in the annual cycle can be specified to be something
other than the default (EV [setting annual rates]; Breeding; Mortality; Aging; Dispersal; Harvest;
Supplementation; Calculate Growth; Carrying Capacity; Update GSVars, PSVars, and ISVars;
Census). Steps can be placed in any order, and steps can be repeated (e.g., there can be dispersal
both before and after harvest). Updating of state variables can be done as one operation (with the
order being GS, then PS, then IS), or the three levels of state variables can be updated
independently.

Age classes for which input values need to be specified will be determined by which steps are
placed before Aging. For example, if Harvest occurs before Aging in each year, then the 0 age
class animals can be harvested. If two breeding cycles occur without an Aging step intervening,
then 0 age class individuals can breed. VORTEX automatically adjusts input page displays to
accommodate breeding, initial N, harvest, etc. of age 0 animals if the specified sequence of
events makes it possible for age 0 individuals to experience those events.

A few examples of the use of alternative order of events are:

Harvest can be moved before Mortality if you want to be able to harvest some newborn animals.
Note, however, that for this sequence to work you will also need to select the Special Option to
“Delay 1% year mortality” (see above).

Harvest can be moved before Age, but after Mortality, if you want to harvest the newborns, but
only after initial mortality occurs.

Updating of state variables can be moved up if you need the current values of state variables to
be updated (with their Transition functions) before Dispersal or Harvest or Supplementation.
You can also update only GSvars, PSvars, or ISvars — in any order — if you want, for example, to
have PSvars contain a tally (e.g., using ITOT1) of an updated ISvar.

You can insert additional censuses, e.g., after breeding or after dispersal, if you want to see the

population counts at various points in the annual cycle. If there are additional censuses in a year,
then output files will tally statistics at each census rather than only once per year.
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Species Description

This input page asks a few questions about aspects of the population dynamics that will be
applied across all populations of your simulation.

f 2 Vortex 10 - New Project - C:\Visual Studio 2010\Vortex\Vortex10\bin'Release\New Praject\New Projectxml ‘{-:- =l &J
File  Simulation Help
NEH || & |[Det | Pp[sT
Project Settings | Simulation Input | Text Output | Tables and Graphs | Project Report |

Scenarios: Add Delete Reorder << >> Current: Default Scenaric - | Default Scenario
Scenario Settings Species Description Section Notes
Species Description
i Remember to add notes describe why you chose each input -«
State Variables Inbreeding depression value|
Dispersal
Reproductive System Lethal equivalents 625
Reproductive Rates Percent due to recessive lethal alleles 50
Mortality Rates Default value of €25 for Lethal Equivalents is the combined mean effect of inbreeding on
Catastrophes fecundity and first year survival reported by 0'Grady et al. {2006. Realistic levels of inbreeding
[ P depression strongly affect extinction risk in wild populations. Biological Conservation 133:
Mate Monopolization 42-51). Note that inbreeding can also affect later survival and other aspects of demography.
To model effects on other demographic rates, enter rates as functions of inbreeding.
Initial Population Size
Carrying Capacity
Harvest EV comelation between reproduction and survival 0.5

Supplementation
EV comelation among populations 0.5
Genetics

Inbreeding depression: Check this box if you want to include inbreeding depression in your
model, as a reduction in first-year survival among inbred individuals. Although most diploid
species that have been studied show depressed fitness when inbred, you may sometimes want to
leave inbreeding depression out of your model so that you can compare results with and without
inbreeding depression — thereby allowing you to document what impacts inbreeding depression
could have on population viability.

Lethal Equivalents: This box asks you to specify the severity of inbreeding depression in your
simulated population, if the population becomes inbred. Enter the impact of inbreeding on first-
year survival, quantified as “lethal equivalents” per diploid individual. (See Box below.)

Percent Due to Recessive Lethals: Enter here the percent of the total genetic load (quantified by
the lethal equivalents you entered into the previous box) that is due to recessive lethal alleles.
The number of lethals per founder will be distributed approximately as a Poisson distribution. A
plausible value — one that is consistent with data on Drosophila and a few other species that have
been studied well — would be 50%. However, cases have been reported in which nearly all of the
genetic load is due to lethals, while — in other populations — virtually none of the effects of
inbreeding appears consistent with the action of recessive lethal alleles (Lacy et al. 1996). You
may wish to test low and high values to see if it affects your simulations of population dynamics.
(It probably won’t, because it is difficult to maintain a population for long at the very small
population sizes at which effective purging of recessive lethal alleles would occur.)
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Quantification of Inbreeding Depression

Inbreeding depression is the reduction in fitness commonly observed when individuals are
produced by matings between genetic relatives. Inbreeding depression seems to affect most (perhaps
even all) species of sexually reproducing organisms, and can cause reduction in survival (of infants,
juveniles, and adults), mate acquisition, fertility, fecundity, number of progeny per litter or brood, and a
variety of physiological measures related to fitness such as growth rate, disease resistance, stress
resistance, metabolic efficiency, sensory acuity, and behavioral dominance (see Lacy 1997 [update] and
references therein).

Although inbreeding depression can affect many components of fitness, often the overall effect
can be reasonably well summarized by or combined into an effect on infant survival. For example, if
inbreeding causes a 10% reduction in litter size, and then a 10% reduction in survival of those
individuals born, the cumulative effect would be the same as a 19% reduction in infant survival
(resulting in 81% of the yearlings which would have been produced if no inbreeding had occurred).
Therefore, the primary way in which inbreeding depression is incorporated into VORTEX is through a
reduction in first-year survival of inbred individuals. (If desired, inbreeding effects on later survival,
reproduction, carrying capacity, and even dispersal can be modeled using functions of inbreeding to
specify demographic rates.)

While inbreeding depression is widely known (and has been for centuries), understanding the
various possible underlying mechanisms, the ways of quantifying it, and the consequences for
population survival and viability is not at all simple. Inbreeding depression may result from recessive
deleterious alleles (which are exposed more frequently in homozygous inbred individuals), or from a
general disadvantage of homozygotes relative to heterozygotes, or from other genetic mechanisms (see
Charlesworth and Charlesworth 1987; Lacy 1993b). In studies of Drosophila flies, it has been observed
that about half of the effect of inbreeding depression on survival is due to recessive lethal alleles
(Simmons and Crow 1977). The relationship between survival and inbreeding caused by the presence of
recessive lethal alleles is described by an exponential decline:

S=SpePF
in which Sy is the survival of non-inbred individuals, F is the inbreeding coefficient, b is the average
number of lethal alleles per haploid genome (half the number per diploid individual), and S is the
resultant survival rate (Morton et al. 1956). Figure B-1 gives the expected relationship between the
extent of inbreeding and juvenile survival for a series of hypothetical scenarios differing in the total
number of lethal equivalents.

Even if the overall inbreeding depression is due only partly to recessive lethal alleles, the
relationship between inbreeding and survival might be expected to be roughly an exponential decline of
this form. By observing the relationship between survival and inbreeding, the coefficient b in the above
equation can be measured. The value b is a measure of the severity of the effects of inbreeding (not in
terms of how inbred the population is—as that is measured by F—but rather in terms of how much
fitness is depressed for any given level of inbreeding), and it is the number of recessive lethal alleles per
haploid genome that would cause the observed rate of inbreeding depression. This concept is called the
number of “lethal equivalents” in the population. A population with 4.0 lethal equivalents per diploid
individual (b = 2.0) might have 4 lethal alleles per individual, or it might have 8 alleles per individual
which each cause 50% reduction in survival when homozygous, or it might have 2 lethal alleles and four
50% lethals, or any other combination of deleterious alleles which have the same total effect.

VORTEX uses this concept of lethal equivalents to quantify the severity of depression of first-
-year survival due to inbreeding. Thus, the user must specify how many lethal equivalents characterize
the population under study. For only a few species, however, has the number of lethal equivalents been
measured in careful breeding studies. Among those species that have been studied, the number of lethal
equivalents per diploid (2b) ranges from 0 to more than 30, but it is usually in the range of 1 to 10. (Isn’t
it depressing to know that you probably carry alleles which would be fatal genetic defects if you had
two copies of any one of those alleles? Aren’t you glad that you are diploid?) To date, no clear patterns
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have emerged to suggest that certain taxonomic, ecological, or other categories of species typically have
high or low number of lethal equivalents — it seems to be largely a matter of chance whether a
population is severely affected by inbreeding or not.

How does VORTEX use ““lethal equivalents™?

VORTEX simulates inbreeding depression in two ways, because different genetic mechanisms of
inbreeding depression can have different consequences for population viability. Recessive lethal alleles
are rather efficiently removed from a population by natural selection when inbreeding occurs. As a
result, many individuals may die in the early generations of inbreeding, but when they die they take their
lethal alleles with them to the grave, and subsequent generations of individuals have fewer lethal alleles
to cause inbreeding depression. (This process is often referred to as “purging the genetic load” of lethal
alleles.) On the other hand, selection is ineffective at purging inbreeding depression when the inbreeding
depression results from a general advantage of heterozygotes over all homozygotes (or, to a lesser
extent, when it is caused by recessive sub-lethal alleles).

To model the effects of lethal alleles, which can be removed by selection during generations of
inbreeding, VORTEX assigns to each individual at the start of a simulation some unique lethal alleles. If
inbred descendants happen to receive two copies of the same lethal allele, they are killed. To model the
component of inbreeding depression that is not effectively reduced by selection, VORTEX calculates the
inbreeding coefficient of each individual and then applies an exponential equation like the one above
(but using just a part of the total lethal equivalents) to determine how much that individual’s survival is
reduced. To incorporate these two mechanisms of inbreeding depression, VORTEX needs to know (i.e.,
you need to tell it) how much of the overall inbreeding depression (lethal equivalents) to assign to lethal
alleles vs. other genetic mechanisms. As mentioned above, for Drosophila flies, it has been reported that
about half of the lethal equivalents are due to actual lethal alleles. Almost no other species have been
studied in sufficient detail to quantify the contributions of different types of alleles to inbreeding
depression, but the scant data available are not inconsistent with about half of the inbreeding effects
being due to lethals in other species as well.

The initial default value for Lethal Equivalents in VORTEX 9 was 3.14, based on the mean
reported for 40 captive populations of mammals. However, several authors have argued persuasively
that 3.14 would under-estimate the impact of inbreeding in most wild populations, both because wild
populations are subjected to stresses from which captive populations are sheltered and because the value
of 3.14 was based only on effects on juvenile mortality while inbreeding impacts many other aspects of
reproduction and survival as well. Some authors have argued that realistic effects of inbreeding on total
fitness are modeled better with LE = 12 or even higher. Of course, you can set the value to whatever you
think is appropriate for your species, and it is useful to add notes to explain your choice.
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EV Correlation between reproduction and survival: Environmental variation (EV) is the annual
variation in the probabilities of reproduction and survival that arise from random variation in
environmental conditions. EV impacts all individuals in the population simultaneously. The
sources of this environmental variation are outside the population; examples include weather,
predator and prey population densities, and parasite loads. These factors can affect reproduction
and survival independently or simultaneously. If this value is set to 0.0, then EV in reproduction
will be independent from EV in mortality. If this value is set to 1.0, then EV in reproduction and
EV in survival will be completely synchronized. As a result, good years for reproduction are also
good years for survival. If this correlation is set to an intermediate value, then EV in
reproduction will be partly correlated with EV in survival. (A negative correlation is also
accepted, and it would indicate that good years for reproduction are bad years for survival.)

Correlating environmental variation for reproduction and survival
North America’s whooping crane (Grus americana) shows a classic migratory pattern typical of many
northern bird species. The last remaining substantial population breeds in Alberta’s Wood Buffalo
National Park and spends the winter at Aransas National Wildlife Refuge along the Gulf Coast of
Texas. Because of this movement pattern, the environmental conditions affecting chick production
are quite different from those impacting mortality during the majority of the year (Mirande et al.
1991). Consequently, we would expect EV affecting these processes to be uncorrelated when
constructina a VorTEX maodel.

EV correlation among populations: You specify here the correlation of EV among populations
(applicable, of course, only when more than one population is modeled). If this value is set to
0.0, then EV will be completely independent among populations. If this value is set to 1.0, then
EV in reproduction and in survival will be completely synchronized among populations. As a
result, good years for reproduction or survival in one population will lead to similarly good years
in all other populations. If this correlation is set to an intermediate value, then EV will be partly
correlated among populations. (This correlation cannot be less than 0, as this would cause
mathematical and logical problems when there are more than 2 populations.)

Environmental variation in the metapopulation context can be considered to exist at two
levels: local (population-specific) and global (acting across all populations). The total EV, when
expressed as a variance rather than a standard deviation as entered by the user, is simply the sum
of the EV existing at these two levels. The correlation of EV among populations that you enter,
then, is simply the proportion of the total EV (when expressed as a variance) that is global in
scope (i.e., common to all populations).

The Statistics of Demographic Stochasticity and Environmental Variability

Demographic stochasticity is the random fluctuation in observed birth rate, death
rate, and sex ratio of a population resulting from stochastic sampling processes, even if
the probabilities of birth and death remain constant over time. This annual variation in
numbers of individuals that are born, that die, and that are of a given sex can be specified
from statistical theory and would be expected to follow binomial distributions.

Environmental variability is the annual fluctuation in probabilities of birth and death
arising from random fluctuations in the environment (e.g., weather, abundance of prey or
predators, etc.). Annual fluctuations in the probabilities of reproduction and mortality are
modeled in VORTEX as binomial or, optionally, beta distributions, while environmental
variation in carrying capacity is modeled as a normal distribution.

Note that the distinction between demographic stochasticity and environmental
variability is a subtle one (even some professional population biologists have been
confused by this!). Demographic stochasticity is the variation in an observed vital rate due
to the sampling variation that is inherent because each individual (an observation) is an
independent and random sample from a population with a given mean or probability.
Hence, it is the variation in sample means (X ) around a fixed population mean.




Environmental variation, on the other hand, is variation (due to extrinsic factors that vary
over time) in the population mean itself (i.e., the population mean is different each year).

Putting this information together, we conclude that the variation across years in the
frequencies of births and deaths—both in real populations and our simulated VORTEX
populations—will have two components: the demographic variation resulting from binomial
sampling around the mean for each year, and additional fluctuations due to environmental
variability. In actuality, catastrophic events (to be discussed in more detail later in the
User’s Manual) also contribute to the overall observed variation across many years of data,
but they are treated separately from standard annual environmental variability.
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The left panel above shows ten years of expected values of a given demographic
rate—say, juvenile mortality—in a simulated wildlife population. Each “bell-shaped” curve
depicts the probability distribution we would expect from demographic stochasticity acting
on that rate in that year (Actually, these little curves of demographic stochasticity would
be binomial, but the normal distributions are close enough for illustration purposes). For
example, the expected rate in year 1 is 15.2%. However, when the fate of each juvenile in
the population is considered, it is possible that the actual rate may deviate from 15.2%
solely from this sampling process. In addition, the expected mortality changes from year
to year due to environmental variation, with each annual curve again reflecting the
sampling variance (demographic stochasticity) expected for that year’s value. Note that
these curves become tighter (the standard deviation resulting from demographic
stochasticity decreases) as the means deviate from near 50%. In addition, notice that the
mortality rate in year 7 is particularly high; perhaps a catastrophic event occurred in that
year to produce such high mortality.

With annual rate data in hand, we can actually calculate the relative contributions
that demographic stochasticity (DS) and environmental variability (EV) make to the total
observed variance. Consider the example presented in the figure, the mean mortality rate
calculated from these annual data is 0.387 with a standard deviation (combining effects of
DS and EV) of 0.148. Note, however, that the catastrophe shown as the outlier in the
dataset was not included in this calculation; if it were, the mean and standard deviation
would change to 0.435 and 0.204, respectively.
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If we consider the data with the outlier absent, we can calculate the standard deviation
due to EV:

_[2 _ |2 2
eV =V%v ~V%70T ~ DS

where O-'ZI'OT is the total variance across the data and USS

variance across the individual rates (see Box B for how to calculate a binomial variance).
In the example above, the mean binomial variance turns out to 0.0022. Therefore,

ogy =08, =+0.0219-0.0022
=0.140

which is the variation across years of the mean (peak) values for each curve in the left
panel of the figure. This calculation tells us that the contribution of demographic
stochasticity to the total variance observed in our nine years of mortality data (remember,
we removed the outlier from the analysis) is quite small—the variance attributable to
environmental variability is almost 90% of the total variance in mortality. This is shown
graphically in the right panel. In order for demographic stochasticity to make a significant
contribution to the total observed variance, the number of individuals sampled for a given
rate (n) would have to be quite small—on the order of a few tens.

The right panel of the Figure also shows the frequency distribution obtained by
including the catastrophe outlier in the calculation of overall mean and variance. The
inclusion of this single observation results in a significantly poorer fit to the data, as the
overall distribution of values (the mean of all values in the left panel) does not look much
like a normal distribution. This helps in part to illustrate why catastrophes—events that are
infrequent in occurrence yet severe in population impact—are treated separately from
more typical annual or seasonal fluctuations.

Finally, it is instructive to note that each of the distributions in the right panel
extend beyond 0.0 and/or 1.0. As this is biologically implausible, we need to truncate
these distributions in order to allow their proper use in defining probabilities. Partly for this
reason, VORTEX usually uses a binomial distribution (which does not extend beyond 0% and
100%, but which otherwise looks much like a normal distribution) to represent EV. For
ease of calculation, VORTEX sometimes does use a normal distribution when it is a very
close approximation to the binomial, but it then truncates the normal curve symmetrically
about the mean to avoid creating any bias. A Special Option allows you to ask VORTEX to
instead use beta distributions to model EV.

The above methods are a bit complex. Because DS is usually quite small when the
sample sizes (n) are at all large, a quick, somewhat generous, estimate of EV is simply the
total variation in rates observed across years (treating DS as an insignificant contributor to
the observed variation).

Finally, keep in mind that the VORTEX simulation program generates DS
automatically as it determines whether each individual lives, whether it breeds, and what
sex it is. Unlike some other PVA programs, you do not specify that DS should be added
into the model, and you cannot exclude it (from the model or from real life). You do need
to specify the magnitude of EV, however, as EV results from external processes rather
than being an intrinsic and inevitable part of all population dynamics. The size of DS is a
consequence of the population size; the size of EV depends on the constancy of the
environment.

is the mean sampling (binomial)
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State Variables

Any number of state variables can be created to describe characteristics of the system (“global”),
each population, and each individual. These can be useful if other input values will be specified
as functions of such state variables, or if a state variable tallies some metric of interest (e.g., the
number of 2-year old individuals, as in PS2 below).
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Global State Variables X
Dispersal Wariable | Label Initizlization function| Transition function
Reproductive System GS1 HabitatQuality 100 =100-Y*0.05
| Reproductive Rates G52 FadeRate 0.1 =G52
| Mortality Rates
I Catastrophes
Mate Monopolization
I Initial Population Size Select for which population you want to set functions:
Carrying Capacity Population State Variabl l Delete | [Populaﬁon‘l - |
I Harvest Wariable | Label Initizlization function | Transition function
Supplementation P51 Area 200 =PS1
: Genetics Ps2 ZrearOlds 25 =TOT2
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|
to subsequent populations Individual State Variables [ Delete | [ Add Outbreak Vars || Add Spatial Vars |
Coy
Variable | Label Initialization function | Birth function Transition function
151 Color 1 ={DAM1+SIRE1)/i2 =I517(1-GS2)
152 2year ={A=2) 0 =IF(A=2:1:0)

Default Values for Variables Used in Funclions

Variable Default Value
A 3
N 150

GSvars, PSvars, and ISvars can be referenced in functions by either the state variable number
(i.e., GS1, PS3, IS7), or can be referenced by their labels. Be sure not to use a label that is the
same as a built-in function (such as DAM, SIRE, PARITY), with the exception of a special use
of MATE (see section on Functions) and POPULATION (see below).

Global State Variables: You can enter any number of “global state variables” describing some
characteristic of the overall system. These state variables must be numeric values (or something
that can be coded as a numeric value). Global state variables may describe any characteristic
(e.g., climate, management strategy, or disease frequency) that you will want to be able to apply
to all the populations in your model.
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To create one or more global state variables, click the Add button for each variable you will be
creating. A variable can be removed by clicking on its row, and then hitting the Delete button.
For each variable, you then enter into the table a label, which can be any text that will help you
to remember what parameter you were representing.

For each GS variable, you need to enter two functions (or constants) to define: (a) an
initialization function (Init fn) — the starting value for each population at the beginning of the
simulation; and (b) a transition function (Transition fn) — the change in state (if any) each year of
the simulation. These functions are entered in the same way as other functions that can be used to
specify demographic rates (see section on Functions).

Population State Variables: You can enter any number of “population state variables” describing
some characteristic of each population. (If you have just one population, then there will be no
difference between how a GS variable is used and how a PS variable is used.) These state
variables must be numeric values (or something that can be coded as a numeric value).
Population state variables may describe characteristics such as measures of habitat quality or
habitat suitability for the population, elevation or some other descriptor of the habitat, or perhaps
some statistic (e.g., density) that you want to tally during the simulation. This option of entering
population state variables is provided so that demographic rates (such as fecundity, mortality,
and carrying capacity) can be specified to be functions of these state variables.

To create one or more population state variables, click the Add button for each variable you will
be creating. For each variable, you then enter into the table a label, which can be any text that
will help you to remember what parameter you were representing. For each PS variable, you
need to enter two functions (or constants) to define: (a) an initialization function (Init fn) — the
starting value for each population at the beginning of the simulation; and (b) a transition function
(Transition fn) — the change in state (if any) each year of the simulation.

There is a drop-down list for selecting the population to which your PS variable functions will be
applied. You can Add or Delete a PS variable only from the first population. That variable and
its initial specifications are then copied over to the later populations. You then need to step
through each population to adjust the Initialization and Transition functions (if necessary) to the
values you intend for each population.

Make sure that you remember to set the PS variables for each population, and then re-check
them all before moving on to further data input. It is easy (too easy!) to forget to set the PS
variables for the populations after the first one.

Individual State (IS) Variables: VORTEX also provides the user with the option of creating any
number of “Individual State” variables that define characteristics of individuals. These state
variables may represent any feature of the organism that can be specified or coded by a numeric
value. For example, dominance status might be encoded as Dominant = 1.0; Subdominant = 2.0;
and Subordinate = 3.0. Or a state variable might be used to represent some measure of body
condition. Or two state variables might be used to track the x and y coordinates of each
individual’s location on a landscape.
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To create one or more individual state variables, click the Add button for each variable you will
be creating. For each variable, you then enter into the table a label, which can be any text that
will help you to remember what parameter you were representing. For each IS variable, you need
to enter three functions (or constants) to define: (a) an initialization function (Init fn) — the
starting value for each individual at the beginning of the simulation; (b) a birth function (Birth
fn) — the value for each newborn individual; and (¢) a transition function (Transition fn) — the
change in state (if any) each year of the simulation. These functions are entered in the same way
as other functions that can be used to specify demographic rates (see section on Functions).

Note that the initialization function is used both for individuals at the start of the simulation and
also for any individuals added in later supplementation. This provides an easy way to determine
if an individual was a supplement, because the Init fn can be set to be a special code after year 0.
E.g., Init fn =IF(Y=0;1;2) will assign 2 to the IS variable for all supplemented individuals.

One special use of an IS variable is to give a Label of POPULATION in order to use the IS
variable to move individuals between populations, based on their characteristics. Usually there
would be ways to accomplish this with Dispersal, using a function for the dispersal rate, but for
certain kinds of movements it might be easier to use the IS variable to change the population.
Each time that IS variables are updated, if there is an IS variable with name POPULATION and
if the value of that variable is set to something other than the current population, then the
individual is moved. However, if POPULATION is set to a number that is not a population (e.g.,
0), then the individual is left in its current population. For example, a Transition fn of
=IF(1>0.20;1;0) would place individuals with inbreeding of F>0.20 into population 1, and leave
all others in their current population. This functionality can be used to optimize genetic
management of a metapopulation, such as with =IF(MK1<MK2;1;2) or (if there are 4
populations) =FIND(LOW(MK1;MK2;MK3;MK4); MK1;MK2;MK3;MK4) to place each
individual into the population where it has the lowest mean kinship. (An aside: blindly moving
all individuals to the population where they have the lowest mean kinship can cause some very
odd results, e.g., all individuals in population can get instantly moved to population 2, leaving
population 1 with no individuals and therefore not a good place to put anyone.)

Caution: be sure not to label an IS variable as POPULATION unless you do want to use it to
control movements among populations! Note also that population statistics such as N might not
be updated in between the updating of the IS variables for each individual, so do not use N (or
M, F, J, etc. ) with this option as a means to move individuals until a population reaches some
threshold. N will be updated at times, however, when an individual in a different population is
evaluated, so if you want to use the N for each population as it existed before the movements of
individuals in the IS update started, set a PS variable to N and use that PS variable in your IS
variable Transition fn. MK values are updated as each individual is moved, as those values are
individual characteristics.

Default values: The table at the bottom of the page allows you to enter default values for any
variables that you will be using in functions. These values will then be used when the functions
are evaluated before the start of the simulation to obtain demographic rates for deterministic
calculations. This can be useful because otherwise deterministic calculations are often
meaningless (as they are not “deterministic” or often even determinable). Also, the deterministic
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calculations of survival and fecundity schedules will be used in calculating the stable age
distribution (which might be needed on the Initial Population Size page) and for some other
options such as the “Breed to K option in Genetic Management. Note, however, that if a
reproductive rate or a mortality rate is specified as a function of age (A), then that dependency on
age will be considered in the calculations of deterministic population growth and the stable age
distribution (but not the “Breed to K” calculations each year), even if a default value for A is not
provided by the user.

It can be confusing to know what happens when you enter both an Initialization value for a GS
variable (or for a PS variable) and enter a Default value for that state variable. (What gets used to
first set the value: the Default value or the Initialization?) Any Default value for a state variable
is used before the iterations are started — i.e., when deterministic calculations are performed and
when input functions are first checked for mathematical validity. The Initialization value is then
used (replacing any Default value that had been entered) at the start of each iteration. If there is
no Default value given for a state variable, then the Initialization is also used for calculations that
are done before the iterations start. It is not common that you would need to enter a Default value
for a GS or PS variable, because usually the Initialization can be used for the same purpose.
However, if an initialization function contains the variable ‘R’ (for run or iteration) — as is
sometimes useful in automated sensitivity analyses — then a Default value for the state variable
(or a Default value for R) can be used to ensure that the state variable is set appropriately for
deterministic calculations.

State Variables extend the flexibility and power of functions for data input, and also allows
you to create new output measures of interest. However, just as the use of functions can be
challenging — especially if they become complex — the use of State Variables to enhance
functions is best left to experienced users of Vortex. Even when using State Variables (or any
functions), it is wise to first build the project without them and then add them in gradually.

An aside for those who are willing to dive deeply into using functions and user-specified
variables to develop models of complex biological systems: VORTEX provides the capacity to run
the population simulation simultaneously (functionally in parallel) with one or more other
models that might describe the dynamics of parts of an overall system. The program
METAMODEL MANAGER can manage the flow of data and the sequence of simulation steps among
multiple simulation models, including VORTEX. (See Lacy et al. 2014 for a presentation of the
concept of meta-models and the METAMODEL MANAGER software.) For example, several
instances of VORTEX can run simultaneously, each modeling a different species that influence
each other’s dynamics, as in predator-prey systems or competition. An epidemiological modeling
program, OUTBREAK, can model the dynamics of an infectious disease in the population. VORTEX
and OUTBREAK can be run at the same time on the same simulated population, with VORTEX
simulating demographic and genetic changes and constantly informing OUTBREAK of the current
census of the population, while OUTBREAK models the changes of disease state (susceptible,
latent infected, infectious, recovered) and constantly informs VORTEX which individuals are in
each state. The disease states can then be used to modify reproduction, survival, dispersal or
other demographic rates for individuals in the meta-model. METAMODEL MANAGER and OUTBREAK
are available on the VORTEX website (http://www.vortex10.org ).
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Dispersal

This section of input is accessible only if you specified (in the Scenario Settings) that your
Scenario is to have more than one population. If you are modeling a metapopulation, you now
need to specify a few parameters that help to define the system of dispersal of individuals among
populations, and the rates of dispersal of individuals between populations.
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Age Range - Youngest and Oldest: In these boxes, enter the youngest and oldest ages of those
individuals that move between populations. If both sexes are capable of moving between
populations, and the ages at which males and females disperse are different, you must decide
which age(s) you use for these fields. This decision will be based largely upon how conservative
you want to be about your estimation of potential risk. For example, if males begin moving
among populations at 3 years of age and females at 5 years of age, entering 3 as the youngest age
to disperse may underestimate the risk of population decline and/or extinction since females are
allowed to move at an earlier age in the model. (It is possible to specify different rates of
dispersal for the two sexes, or for different age classes, by using the D