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Genetic diversity is essential for the long- and short-term survival of populatoins
individuals. Some of the most intense genetic management occurs in captive populations
where breeding programs involve specific breeding recommendations for every
individual in the population. The current strategy used by captive breeding programs
worldwide to minimize loss of genetic diversity pairs individuals according teaam
kinship (MK) value. MK requires both knowledge of the population’s pedigree and
control over which pairings are made. This strategy is practical foy ofahe large
species managed in captivity, but is unrealistic for species for which thesaifdient
information or over which | have less control. These include certain species wécapti
animals that are not maintained individually (e.g., herds of antelope) and populations
the wild. Populations such as these, where detailed pedigree information is unknown,
ages and individuals are difficult to identify, and/or specific pairings caehably be
made, are referred to as “groups”. | propose a strategy for managing tirauipsolves

manipulating population structure, migration rates, and the tenure of breeding males. |

found that group management does carry a genetic cost relative to MK-based



management, and that cost will need to be weighed against the financial costs of
managing animals at the individual level as opposed to the population level. Group
management is better than no management and may provide an option for genetic
management of currently “unmanageable” captive populations (e.g., tanks oflébh), g
captive populations, and wild populations. | also tested the robustness of an MK-based
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recommended to not breed and the reduced success of Low MK animals that are
recommended to breed. The robustness of MK is dependent upon the species being
managed. These results should be factored into any cost/benefit analysigiofahdi

and group management strategies.
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Chapter 1: Genetic Management of Groups.

Introduction

Genetic management is critical to the survival of many specieseriAres
genetic diversity directly impacts individual fitness (Allendorf &akyg, 1986; Hedrick,
Brussard, Allendorf, Beardmore & Orzack, 1986; Lacy, Petric, & Warneke, 1243; R
Ballou, & Templeton, 1995; Wildt, Bush & Goodrowe, 1987) and allows populations to
adapt to changing environments (Allendorf, 1986; Lewontin, 1974; Reed & Frankham,
2003; Sealander, 1983). Small and fragmented populations are especially sesteptibl
loss of genetic variation through the process of genetic drift (Nei, Maaigam
Chakraborty, 1975). Small populations are becoming more common as many
populations of wild animals are decreasing in size due to habitat loss and fratpnent
and other human-induced threats. The World Conservation Union (IUCN) Red List of
threatened species lists 5,966 species of threatened vertebrates (IlUBNaRAOst one
guarter of those evaluated. And almost half of the invertebrates evaluated were
threatened (IUCN 2008).

Although increasing the amount of available habitat would be the most functional
solution for preserving endangered populations, it is often not tenable. In an effort to
curtail extinction, many threatened or endangered species are mamageyh t
reintroduction, translocation, culling and contraception. These actions are often bas
more on demographic considerations than genetic ones. This is becausd detslic
management is difficult in the wild where species are considered o piodation level

and individuals are difficult to identify and manipulate.



Some of the most intense genetic management occaaptive population
where regional and international breeding prograowslve specific breedin
recommendadns for every individuain a population. Hundreds optivespecies are
managed through coofzaive breeding progransuch as the Association of Zoos ¢
Aquariums (AZ\) Species Survival Pl: (SSP) or Population Management Plan (PN
programsor the European Association of Zoos and AquariaZEPEuropear
Endangered Species Programme (EEThesecooperative programs provide t
essential framework gdflanning and suppofor long-term populatiosustainability

The science of population marement has been greatly advanced through
on captive population®Bg@llou & Foos, 1996; Ballou & Lacy1995; Lacy, Ballou
Princee, Starfield & Thompson, 1€). Captive genetic management programs fc
predominantly on maintaining prescribed levelallelic diversity and heterozygosi
over long periods of time (e.g., 90% gene divermityl00 years).The current stratec
used by cooperative captive breeding programs wadkel to minimize loss of genet
diversity pairs individuals according to aan kinship (MK) value (Ballou & Lag,
1995). The relationship between two individuals, or thelyability that alleles draw
randomly from each of two individuals (i and j) adentical by descent, can be meast
by the kinship coefficient ;) (Falconer1981). The mean kinship of individual i (j) is
then defined as the average of the kinship coefiisi between that individual and

living individuals (including itself and others $ sex in the known pedigre

s
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This also equals the average inbreeding coefficient of progeny of this individual if
it were mated at random in the population (Crow & Kimura, 1970). Under this strategy
an individual's genetic importance can be determined based on the number and degree of
relatives that individual has in the population.

When creating a genetic management plan, MK values are calculatedifor ea
individual in a managed population. Individuals with the lowest MK value are priority
breeders. In addition, pairings of animals that would result in offspring wigih™hi
levels of inbreeding are also avoided (“high” is a relative term dependenthgon t
population in question, but attempts are usually made to keep the inbreeding caefficie
of a pair below that of the population’s average MK). The disparity between MkKsval
is also considered, so as not to create offspring with both rare and common #illss
were to happen, it could be difficult to perpetuate those rare alleles witleout t
accompanying common ones.

Mean kinship is the accepted strategy for maintaining genetic diversiaptive
populations and has been tested against alternatives in both a computer simulation
(Ballou & Lacy, 1995) and on living organisms (Montgomery, Ballou, Nurthen, England,
Brisco & Frankham, 1997). However, the key to MK is that it requires an unudirsia
of the genetic constitution of the entire population (the pedigree) so that doymal
animal breeding recommendations can be made. Individuals are introduced, cadracept
or separated based on whether or not they have a recommendation of “breed” or “do not
breed.”

This strategy is practical for many species in captivity such as elspkéeythas

maximusLoxodonta africang komodo dragonsvaranus komodoengjsand vultures



(Faloniformes), but is unrealistic for species for which there is ingerfiecnformation or
over which we have less control. These include certain species of captivésdahaha
are not maintained individuals (e.g., herds of ungulates, troops of primates, flocks of
birds, tanks of fish) and most populations in the wild. Populations such as these are
called groups. The purpose of this paper is to define groups, discuss how they are
relevant to the management of captive and wild populations, and to explore potential
strategies for managing groups instead of individuals.

Defining Groups

With regards to population management, | define a group as a population for
which detailed pedigree information is unknown, ages and individuals are difficult to
identify, and/or specific pairings cannot be made reliably. The teotorig” is
sometimes used to refer to a group, but | discourage this to avoid confusion with true
colonial organisms, such as some corals or social insects.

Group management does not simply refer to managing populations in the absence
of a pedigree, but instead is a continuum that represents a progressive lossnaitiofor
and control. | define nine management categories along that continuum. These
categories and definitions arose during two Groups Population Management Workshops
held by the international zoo and aquarium community (Mace, Hall, & Vedmar 1998;
Smith, 2002).

1. Individuals can be identified and parentage is known. Pairings can be

controlled. Species in this category can be managed by MK. (great apes,

doves, large reptiles)



Individuals can be identified and parentage is known. Pairings cannot be
controlled. Species in this category are often controlled in such a way (e.g.,
contraception, physical separation) that they can be managed by MK.
(penguins, polygamous ungulates)

Individuals can be identified, but one parent most often is not known. Pairings
cannot be controlled. MK is often used to plan genetic management for
species in this category, but requires intensive management and numerous
pedigree assumptions. (primate troops, large herds of ungulates)
Individuals can be identified, but typically both parents are not known.
Pairings cannot be controlled (bats, aviary birds).

Individuals cannot be distinguished, but can be counted (or abundance
estimated accurately) and classified into age/stage/size aicthsses.

Pairings cannot be controlled (amphibians, large flocks of birds).

Individuals cannot be distinguished but can be counted (or abundance
estimated accurately) and classified into age/stage/size greepes are
unknown. Pairings cannot be controlled (amphibians, fishes, invertebrates).
Individuals cannot be distinguished, but can be counted. (or abundance
accurately estimated) at the reproductive stage only. Pairings danot
controlled. (insects)

Individuals cannot be distinguished, but a census of the population can be
conducted. Life stages cannot be discerned. Pairings cannot be controlled.

(large tanks of fishes)



9. Individuals cannot be distinguished or counted at any life stage (or only at
non-reproductive stages. Pairings cannot be controlled. (corals, eusocial
insects)

Defining group categories is important, as it is unlikely that there will bedead
management method for all types of groups. Examples are given of capties spat
typically fit into each type of category, but the examples are gerarahz and no one
taxon is restricted to any single category. Species in categorynbtageoups, as |
define them, as they can have their pedigree tracked and can be managecasing m
kinship. Species in categories 2 and 3 are often managed using MK, though management
takes additional husbandry efforts and often requires parentage assumptions in the
pedigree. Species in category 4-9 are typically thought of as groups, for which new
genetic management techniques are needed to make management dectsions tha
adequately preserve and predict retention of genetic diversity. Wild populatsiy m
fall into these categories.

Not all species that have an incomplete pedigree are considered groups. Even
some of the most manageable species have some unknown parentage informatiion in the
pedigree due to incomplete or inaccessible historical records. In a papwéhan
otherwise complete pedigree, individuals with unknown ancestry can be excluded from
management or assumptions can be made to allow their inclusion, while understanding
the impacts of erroneous assumptions on the population (Willis, 2001; Willis, 1993). For
example, assuming animals with unknown ancestries are unrelated could lead to a
underestimation of inbreeding if they actually are related; however, esgganmmals are

related if they are not could lead to a loss of gene and allelic diversitysi@econ



whether and how to use these animals are based on the genetic status of the population
and the costs of the assumptions (Willis, 2001; Willis, 1993). Groups are distinctive
because the excessive amount of unknown information in their pedigrees prohibits
pedigree-based analyses.

Both captive and wild populations can benefit from group management, but for
different reasons. As the number and variety of captive populations being managed
increases, so does the need for more flexible management strategiesreAsIth
populations become more defined and controlled, more structured genetic management
becomes possible.

Captive Groups

Traditionally, management efforts in zoos and aquariums have focused on
charismatic keystone and endangered species, such as gorillas and el&ghaets
conservation needs of all species in nature have increased, so has the scope of zoo and
aguarium programs. Coordinated population management programs now exist for a
variety of taxa including snails, fish, flamingos, toads, guenons, and gazéflesigh
many species can be managed using MK, there is an ever-increasing nunmbepsgfimy
need of population management.

A survey conducted in 2008 (Smith 2008) surveyed all of AZA’'s SSPs and PMPs
to evaluate the group management needs of cooperatively managed speciesn Progr
leaders were asked if group management was “Required” for their spexiddK
management was not possible), or “Preferable.” “Required” was an option becaese
programs, such as the Straw Colored Fruit Baddlon helvulhn PMP, might need group

management because the sheer number of animals in the program make individuals



difficult to identify and manage. “Preferable” was an option because, for §ueoees, it
is possible to manage them using MK values, but it would be less resource intensive to
manage them as a group. For example, many polygamous species might fategory
1 (Table 1) through the use of contraceptives or by physically separatisgetific
breeding pairs; however, contracepting animals carries risks and costs, (&ay Hall-
Woods, Ballou & Taylor-Holzer, 2007; Patteon, Jochle & Penfold, 2007; Wheaton,
Joseph, Reid, Webster, Richards, Forde & Savage, 2007) and separating out animals is
often difficult because of limited resources, a lack of holding space, and sowalics.
Another example in which management is influenced by biology involves spedies tha
can be easily put into pairs but for which mate choice is a critical compoiniergeding
success. As an example, African pygmy geblsttépus auritusnaturally form pairs,
but pre-selected pairs rarely produce offspring. If the birds areedltovselect their own
mate, the pair typically does produce offspring (Piekarz, D. personal conatiomjc
2004). The significance of mate choice has been documented in many species
(Andersson, 1994; Brown, 1997; Duraes, Loiselle, Parker & Blake, 2009; Edwards &
Hedrick, 1998; Eizaguirre, Yeates, Lenz, Kalbe & Milinski, 2009; Milinski, 2006; Ryder
Tori, Blake, Loiselle & Parker, 2010) and it plays an increasing role in captive
management decisions.

Response rate was high from both SSP (99%) and PMP (73%) program leaders.
The survey revealed that it would be preferable for almost 30% of PMP species and
almost 20% of SSP species to have some type of group management. Although only a
small number (2%) of SSPs require group management, 18% of PMPs require group

management.



Table 1. Population Management Categories

Category

Taxonomic Examples

1. Individuals can be identified and parentage is

known. Pairings can be controlled. Populations can

be managed using MK values.

great apes, doves, large reptile

2. Individuals can be identified and parentage is

known. Pairings cannot be controlled. Species in this

category are often controlled in such a way (e.g.,
contraception, physical separation) that they can [
managed using MK values.

penguins, polygamous ungulate

e

3. Individuals can be identified, but one parent mc
often is not known. Pairings cannot be controlled.
Management using MK values is often used for

species in this category, but requires extensive eff
and numerous pedigree assumptions.

Dgirimate troops, large ungulate
herds

ort

[

4. Individuals can be identified, but both parents &
most often not known. Pairings cannot be controll¢

\feats, aviary birds
>d.

5. Individuals cannot be distinguished, but can be
counted (or abundance accurately estimated) and
classified into age/stage/size and sex classes. Pa
cannot be controlled.

amphibians, large flocks of bird

rings

6. Individuals cannot be distinguished but can be
counted (or abundance accurately estimated) and
classified into age/stage/size groups. Sexes are
unknown. Pairings cannot be controlled.

amphibians, fishes, invertebrate

7. Individuals cannot be distinguished, but can be
counted (or abundance accurately estimated). Lif
stages cannot be discerned. Pairings cannot be
controlled.

insects

D

8. Individuals cannot be distinguished, but a cens
of the population can be conducted. Life stages
cannot be discerned. Pairings cannot be controlle

usrge tanks of fishes

)

9. Individuals cannot be distinguished or counted
any life stage. Pairings cannot be controlled.

atorals, eusocial insects




These figures are especially important because, out of all of the thousands of
species in captivity in AZA institutions, only a few hundred have been given SSP or PMP
status, and the majority of these programs focus on the more easily tiacjezd
vertebrates (for example, in 2008 there were only seven AZA managemerinpsdgr
amphibians, three for invertebrates, and two for fishes). If group genetigemagiat
techniques become available, the number of managed species in those and other
taxonomic groups is likely to increase.

Equally important, group management has the potential to enhance animal
welfare. Although the survey confirms what animal husbandry expertsdray&down
—that it is possible change natural social structure through management sedtitgor
recommendations can be made — there is an intrinsic irony in this type of mamnage
Modern zoos and aquariums expend extensive resources creating exhibits and enhancing
care to allow animals to exhibit behaviors similar to those that would ocdwe waild.
Managing groups as individuals often requires that animals are managedyriteatv
minimizes natural social and breeding behaviors.

Wild Groups

Wild animals are usually thought of as free ranging and unmanaged.
Unfortunately, habitat destruction has made the wild less so, forcing many poysutHt
animals into parks and reserves. These protected areas have been called megazoos
because they are not part of an independently functioning ecosystem but rather a plac
where animals are managed ecologically, behaviorally, geneticadlydemographically

(Conway, 1995). As an example, a study of mammals in eastern North Americdie wildl

10



reserves estimated that few reserves are large enough to avoid loss oflIrapetiea
without some type of active management of habitat or populations (Gurd, Nudds &
Rivard, 2001).

Some wildlife management programs are very specific, focused on a particular
species or even particular populations or metapopulations within a species.
Reintroduction and translocation programs are developed to enhance the survival of a
species by restoring or invigorating wild populations. Genetic manageacbniques
for groups would be ideal for these populations. For example, the black lion tamarin
(Leontopithecus chrysopygysopulation in the Atlantic forest of Brazil uses a
metapopulation management system that includes reintroductions, translocations, a
managed dispersals, as well as a captive reservoir population. The projésiaetitaly
moving animals as well as creating conditions for natural dispersal to oaladafes-
Padua & Padua, 2000). Populations such as this could benefit from group genetic
management techniques that direct animal movement to increase genesitydarehe
species level. A similar project, Operation Noah’s Ark, run by The Kiafaoundation
and the North-West Parks and Tourism Board, involves relocating elephants from South
Africa to Angola by air. In September 2000, fifteen elephants were relocatedie
Madikwe Game Reserve in the Northwest Province of South Africa to the Quicama
National Park in Angola. This relocation was the first step to reloogphahts from
other African countries to the park and is one of the Angolan government’s plans to
rejuvenate its economy through conservation-based tourism. Group genetic mamagem

techniques could be used in conjunction with information on herd social dynamics to

11



determine which animal moves would create the most genetically divavse ne
population, while minimizing genetic losses to existing herds.

In addition, group management techniques can also be used in deciding where
corridors should be maintained or created to permit gene flow through naturasalisper
Corridors, linear landscape elements that reconnect patches of wildlifatl{Soitilé &
Gilpin, 1991), could be prioritized by determining which populations would most benefit
from genetic exchange. Although the effectiveness of corridors has been d8eated (

& Noss, 1998; Simberloff, Farr, Cox & Mehlman, 1992) many studies have been
conducted to evaluate their usefulness and they are often recommended as a way to
mitigate the negative effects of habitat fragmentation on population pecgisiad
retention of genetic diversity.

Strategies for Group Genetic Management

In contrast with the use of MK for managing individuals in populations, it is
unlikely that a single “group management” strategy will maximize rietewof genetic
diversity in all types of groups. The diversity of biological and physicébfaevill
require development of individualized management plans tailored for each typeipf gr

Managing Biological Factors

One of the biological factors that impacts management, population size and
effective population size is mating system (e.g., promiscuity, monoganygaooy).
Wright (1931) introduced the concept of effective population sizegdthe number of
individuals in an ideal population that would lose heterozygosity at the rate observed in
the real population. Genetic diversity is lost at a rate of @K generation, so the

smaller N, the faster genetic diversity is lost. In some mating systems sucteas ha

12



polygyny, in which females breed only with a dominant male, there is the pbtentia

the effective size to be smaller than that of a monogamous species. Thiseffec
exacerbated in species with short generation times (Nunney, 1993). Effazt

increases with generation time, because more males are provided with opjesrtaniti

breed (Nunney 1993). In order to enhance the effective size of a population, one goal of
management could be to minimize the time dominant animals were allowed to breed,
turning them “off” after a certain number of breeding years and allowing mor

individuals a chance for breeding success. Turning an animal’s reproductcauloifoe
temporary (contraception, housing with other post- or non-reproductive animals, sending
outside of the managed population) or permanent (castration or euthanasia). This
strategy is recommended for the Lake Victoria Cichlid SSP, in wisbhare kept in

large groups but dominant males are distinguishable and can be removed, alkbwmg
males to reproduce (Fiumera, Parker & Fuerst, 2000; Hemdal, 2008).

Another factor that impacts mean kinship management is mate choice. The
importance of mate choice has been documented in a number of species and can impact
the genetic health of the population (Andersson, 1994; Brown, 1997; Duraes, Loiselle,
Parker & Blake, 2009; Edwards & Hedrick, 1998; Eizaguirre, Yeates, Lenae i€al
Milinski, 2009; Milinski, 2006; Ryder, Tori, Blake, Loiselle & Parker, 2010). In a
managed population in which individuals are being paired, there is some evidence that a
lack of choice leads to a decrease in reproductive success. By contrass, dinere
increasing amount of data that show that if individual animals are allowetet gheir
own mate, they tend to make a genetically sound choice (Andersson, 1994; Brown, 1997;

Duraes, Loiselle, Parker & Blake, 2009; Edwards & Hedrick, 1998; Eizaguiedey,
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Lenz, Kalbe & Milinski, 2009; Milinski, 2006; Ryder, Tori, Blake, Loiselle & Parke
2010). These data suggest that genetic prospects for group-managed populatioms may
better than predictions based on random breeding. However, if there is evidence that
only one or a few animals are being selected for breeding, managers reagéanitre
effective size by turning dominant individuals “off” (similar to above). ddifon to
individual pairings, sexual selection sometimes necessitates thatsspetieused in

large groups instead of as individuals and so cannot be managed as such. The Allee
effect is a negative density-dependent effect on reproductive successr(&1oll

Legendre, 2001). There is a lack of breeding and reproductive success of fenoales at |
population densities due to an absence of suitable males from which to choose in the
population.

Population growth rate is another example of a biological factor that infleilence
management. R-selected species tend to be highly fecund, with little pareesaiient;
K-selected species tend to be long-lived, with few offspring that receigasaxe
parental investment (MacArthur & Wilson, 1967/2001). Although r-selected speoaes t
to fall in the higher groups categories (Table 1), they may have an advemtages of
management because of how they can be managed. These species may reguire few
resources to house, so the carrying capacity can be increased. In additiomesrag
disposition may mean that it's easier to breed more often and to manage offspring i
way to maximize effective size (e.g., euthanizing animals to equsizeatio, sending
animals outside of the managed population to minimize variance in the number of

offspring each individual produces).
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Focusing on biological factors to guide genetic management will require a
paradigm shift in captive genetic management. Genetic managementlgudspgecies
breeding behavior is managed. Successful group management techniquiamwiidira
the converse, in which species behavior guides genetic management.

Managing Physical Factors

There are many physical factors which impact the potential for group
management, mostly because they impact the ability of an institution (or rapatk ar
reserve) to control how groups of animals are subdivided into populations and how
individuals can migrate between populations.

Instead of focusing on a single population of individuals, successful group
management will require that populations are managed at the subpopulation level,
creating what is essentially a management metapopulation. Metajpmmibie discrete
local breeding populations connected by migration (Hanski & Simberloff, 1977). Levins
(1969) defined metapopulations as sets of discreet, local breeding populati@re tha
small and extinction-prone, with migration occurring between populations and with
asynchronous dynamics. Group management could reflect this simple mdidel, wi
“management” including a level of control over subpopulation structure and migration
rates. Group management strategies will also have to give direction on howtipapula
are configured, either as a single large or several small subpopulaBenstic diversity
in the total population should be higher for several small populations than for a single
large population of the same total size (Chesser, 1991; Kimura & Crow, 1963; Lande,
1995), because the random impact of drift works differently on each subpopulation,

minimizing loss of alleles in the overall population. Data from an experiment using

15



Drosophilaalso offered support for the genetic benefits of several small populations,
with pooled data having lower average inbreeding, higher genetic diversity,géred hi
fithess (Margan, Nurthen, Montgomery, Woodworth, Lowe, Brisco & Frankham, 1998).
One genetic problem in small populations is inbreeding, as fewer individsals$ in a
faster increase in inbreeding over time. If inbreeding decreases fitrtbss
subpopulations, it could lead to subpopulation extinction(s), resulting in a loss of alleles
from the subpopulation(s) and eliminating any benefit of population subdivision. A
management strategy to address that risk is one that maintains digtipgpglations,
with occasional migration to prevent extensive inbreeding and extinctioog, (1287,
Margan, Nurthen, Montgomery, Woodworth, Lowe, Brisco & Frankham, 1998;
Caballero, Rodriguez-Ramilo, Avila & Fernandez, 2010).

The goal of group management is to provide a strategy that is biolodezadiple
for the species, but also logistically feasible for the managing insti{g). For example,
if a zoo has the ability to hold a total of 60 sable antelbiggpptragus nigey), the group
management strategy would have to consider if physical resourcesdeqreate to
allow separation of the animals into two groups of 30 individuals each, or three groups of
20 individuals, etc. The advantage of additional population subdivisions in a polygynous
species is that more males would have a chance to be dominant and produce offspring.
Even when considering physical factors, biological factors cannot be ignoredpsG
would have to be of a large enough size to prevent rapid inbreeding and also taxmaintai
appropriate behaviors necessary for reproduction. For example, flamhagees
demonstrated an Allee affect of negative density-dependent reproduction (AlBde

Berec, Angulo & Courchamp, 2007; Pickering, Creighton & Stevens-Wood, 1992;
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Stevens, 1991). This is likely due to elaborate breeding displays that bring khiatitoc
reproductive synchrony (Stevens, 1991). A metapopulation management strategy would
need to take into account the fact that without a flock, there is no reproduction. Also to
be considered is that in captive situations, subpopulation carrying capacityerabeoft

set by management; in wild populations, it is dependent upon available habitat.

Migration between populations provides gene flow to reduce differences among
populations generated by selection and drift and to reduce inbreeding by introducing
unrelated or less related individuals into the breeding pool. Management of migration
involves consideration of (1) which individuals migrate, (2) to which populations they
migrate, and (3) how often migration occurs.

Group management can be used to migrate individuals in a way that mimics
natural behavior. Selecting individuals to migrate can be done by using natpeasdis
patterns. For example, in a species in which males leave their natal growgpriaftes,
males can be randomly selected to migrate between populations. Selecting the
populations between which individuals migrate could also be done randomly. Thare are
number of potential strategies for migrating individuals that could enhanetayen
diversity with only a little extra investment of resources. Wang (2004) proposed a
method for migrating animals using-#which is a comparison of the average
heterozygosity of the subpopulations relative to the total population (Wright, 1931).
Genetic distance could also be used. Nei's (1987) genetic distanceasarenaf the
genetic difference between allele frequencies in two populations or sp&tieseas &
focuses on expected heterozygosity, genetic distance focuses on allekb®rloasie, it

would require some molecular sampling or some basic pedigree knowledge tglestabl
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values for each of the subpopulations. Managers would have to establish migrason rat
that balance the need for population differentiation with the need to reduce ingreedi
Molecular Information

Genetic markers have a strong role to play in group management. Miciasatell
and, increasingly, SNP analyses are useful tools for assessing ger@saydiincluding
relatedness among individuals and populations, breeding behavior, migration rates, and
hybridizations (Anderson & Garza, 2006; Russello & Amato, 2004, Slate, Gratte
Beraldi, Stapley, Hale & Pemberton, 2009; Jones & Wang, 2010). One way to use
molecular markers in management is to fill in pedigree gaps so that a pmpuakati be
managed by MK. This includes discerning relationships between population founders
(Haig, Rhymer & Heckel, 2008; Jones, Glenn, Lacy, Pierce, Unruh, Mirande & £have
Ramirez, 2002; Russello & Amato, 2004; Rudnick & Lacy, 2008). Using molecular
information to supplement the pedigree information works best when there are ewly a f
gaps in the pedigree (Fernandez, Villanueva, Pong-Wong & Toro, 2005).

The disadvantage of microsatellite and other molecular methods is that isolation
and development is very resource intensive. In addition, molecular data must be
continually maintained to fill in unknown information as births occur. It also issa les
realistic solution for wild than for captive populations because of the need for balogi
samples from identifiable individuals. Molecular pedigree identification doese®tt m
the need of being able to control breeding pairs, as necessitated by astéig\st

Although the power of genetic markers may not be appropriate for turning groups
into MK-managed individuals, it can facilitate management in other welpdecular

analysis may be used to provide information to move groups into lower categories,
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providing more tools for management. Molecular markers can also be used to

characterize the breeding behaviors and subpopulation structures of a population. That

information could be used to help guide migration patterns between subpopulations in a

way that might enhance genetic diversity in the overall population. Asonedtabove,

the ideal management migration scheme has not been established, but some models have

been proposed (Wang, 2004). The Indian ti§anthera tigris tigri3 population

provides a good example of how a broadly accepted strategy would be useful. In this

population, molecular data revealed significant differences between the sutposul

(compared with zoo animals as a reference) (Sharma, Stuckas, Bhaskar, Rajput, Kha

Prakash Goyal & Tiedemann, 2009). Although the data indicate differences, ttdle is

a need for recommendations on how to translocate tigers between the subpopulations.
Incorporating molecular data also provides a new level of information that opens

up a wider array of management questions, especially in regard to the Igeaktt

diversity that should be preserved. For example, if it is possible to cherather

alleles in a population, is the goal to maximize gene diversity by dewgaasi variance

in those alleles, or is it to maintain the original allele frequencies agx&yor were

sampled from the wild? There are methods for achieving both (Ballou & Lacy, 1995;

Caballero & Toro, 2002; Saura, Perez-Figueroa, Fernandez, Toro & Caballero, 2008;

Caballero, Rodriguez-Ramilo, Avila & Fernandez, 2010) and the management strategy

will depend upon the goal of either preserving all the sampled alleles for teaumes

of the future or upon perpetuating the population allelic structure as it curegisty.

Or, if historical DNA analysis is possible, the question arises if thogadreies are the
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ones that should be used to reconstruct a population before it was diminished or
extirpated (Russello & Amato, 2007).
Cost of Group Management

There is a genetic cost to group management. Studies show that minimizing the
overall kinship is more effective in reducing loss of genetic diversity than ptbposed
management methods (Ballou & Lacy, 1995; Montgomery, Ballou, Nurthen, England,
Brisco & Frankham, 1997; Fernandez & Toro, 1999; Toro, Silio, Rodriguez, Rodriganez
& Fernandez, 1999; Saura, Perez-Figueroa, Fernandez, Toro & Caballero, 2008).
However, this cost must be compared to the benefits of group management. The most
obvious benefits are reduced resource requirements. Keeping animsaisglearoup
as opposed to separate enclosures reduces facilities and staff costasiadfe reduced
if, in species that are obligate group breeders (e.g., flamingoes), theremgaod need
to constantly monitor the group to record the breeding activities of individual animal
Costs of transport are decreased if there is no longer a need to move anoredset
ideal breeding pairs. There are also demographic benefits to group manageiosnt
notable is the potential to increase carrying capacity for some spfebieg can be
housed in large groups rather than in individual enclosures. In addition, there may be
welfare benefits of allowing animals to live and breed in more natural socigliggs.
The challenge for managers will be to balance these costs and benefits. Atrthis poi
most captive programs define success by genetic diversity, witletieeay accepted goal
of maintaining 90 percent gene diversity for 100 years, while keeping inbrdezlow
that of the population’s average mean kinship. What will happen if group management,

as opposed to MK management, decreases retention of gene diversity by one percent?
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Two percent? Five percent? And on. It will depend both upon the level of benefit (e.g.,
it's easier to provide separate containment for a partulid snail than a sabgpanand

the tolerance of the species or taxa in question to tolerate a genetic (leatinel 993;

Ralls, Ballou, & Templeton, 1995)

There is also a cost to not having group management strategies. There aee capti
and wild populations in need of genetic management that cannot be managed by MK.
Many of these populations would benefit immediately from group management.
Conclusion

Mean Kinship is the most widely accepted strategy to geneticallygaamamals
in captivity. However, there are many species for which MK, an individual baseelm
cannot work. These are groups — populations for which pedigree information isgmissi
and pairing cannot be controlled. These populations, both in captivity and in the wild, are
in need of a genetic management plan that is an alternative to MK.

Group management is relevant to captive populations as there are a wide variety
of species in need of propagation and long-term sustainability. More and more of these
species have a conservation relevance and do not fit the charismatic megadil)iam
rather are the intriguing media- and minifauna that exhibit and exist betarger
natural social groupings. Group management will be especially usefuhagimg wild
populations, where it is virtually impossible to maintain a pedigree and controlgsairi
This is especially relevant in parks and reserves where populationsadkaassources
are limited, and animals are already being actively managed.

An example of a species that represents many of the complexities of group

management is the scimitar horned or@xyx dammal This species is a large
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ungulate, indigenous to arid lands in Northern Africa that lives in polygynous herds of 20
— 40 individuals. Although the dominant male is the most successful breeder, other males
also have opportunities to breed. From the biological perspective, this species should be
managed as a group, because, even in captivity, it is difficult to manage in an appropria
social structure and still select two specific individuals for breedingg tre also

significant gaps in pedigree information. Although this species is listed dy B$C

extinct in the wild, there is a large global captive population, with hundreds of anmmal
zoos, hundreds of animals in a few fenced reintroduction sites, and thousands of animals
on game ranches and in private herds. In zoos, which typically have limited space but
sufficient facilities and resources, this species could fit into category2 and be

managed by MK. In larger zoological breeding parks, which have thousands affacres
land in addition to sufficient facilities and resources, this species fitsimargroup

category 3 and MK management becomes more difficult. In the private herds and game
ranches and in the reintroduction sites, which have ample space and varying resources
this species cannot be managed by MK and ranges between categories 4-6. To
compound the management issue, there are efforts to develop a world herd that
maximizes genetic diversity and demographic stability in captiverodunted and,

ideally some day in the future, wild populations. Because of the international do@pera
efforts for this program, management for this species should not be broken up into
several distinct pieces (North America, Europe, the Middle East, Africd, ébstead,

there should be one overarching group management strategy for this speéci@s tha
address the management and movement of animals within and between all these very

different entities.
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Chapter 2: Group Genetic Management Strategies.

Introduction

Genetic variation is essential for the long- and short-term survival of populations
and individuals. As the basis for evolution, genetic variation allows populations to adapt
to changing environments (Allendorf, 1986; Lewontin, 1974; Sealander, 1983) and many
studies have shown its direct impact on individual fithess (Allendorf & Leary, 1986;
Hedrick, Brussard, Allendorf, Beardmore & Orzack, 1986; Lacy, Petric, énéka,

1993; Ralls, Ballou, & Templeton, 1995; Wildt, Bush & Goodrowe, 1987). Small
populations are especially susceptible to loss of genetic variation through thes mfoces
genetic drift (Nei, Maruyama & Chakraborty, 1975). This random fluctuationaleal
frequencies can greatly impact the genetic composition of small popslatiastening
their demise.

Many populations of species are becoming endangered due to their shrinking size.
The world’s antelope are among them, with a quarter of all antelope specidsrtace
with extinction (Shurter, 2009). The World Conservation Union’s (IUCN’s) Antelope
Specialist Group conducted an assessment that showed out of 91 species of antelope, 25
are threatened with extinction as their populations decrease, mostly due tainables
harvesting and habitat loss (IUCN, 2008; Mallon & Kingswood, 2001; Shurter, 2009).
Saving these species is not only a global conservation imperative, but also a local
survival imperative for the communities that depend upon these animals for their
sustenance (Mallon & Kingswood, 2001).

There are numerous antelope conservation programs, including several captive

breeding and reintroduction programs for those that are most in need, like thdlritica
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Endangered addaddax nasomaculatyand the Extinct in the Wild scimitar-horned
oryx (Oryx dammaj The captive programs, such as the Association of Zoos and
Aquariums’ (AZA) Species Survival Plan (SRand the European Association of Zoos
and Aquaria (EAZA) European Endangered Species Programme (EEP) breed individuals
to minimize inbreeding and maximize retention of gene diversity, with therglegoal of
maintaining 90 percent of gene diversity for 100 years (Soulé, Gilpin, Conway &,Foose
1986).

Captive breeding programs around the world currently use a mean kinship (MK)
value to select optimal breeding pairs (Ballou & Lacy, 1995). The relationshvpdiet
two individuals, or the probability that alleles drawn randomly from each of two
individuals (i and j) are identical by descent, can be measured by the kinshipeoieffic
(fj) (Falconer, 1981). The mean kinship of individual i {nkthen defined as the
average of the kinship coefficients between that individual and all living individuals
(including itself and others of its sex) in the known pedigree. This also equals the
average inbreeding coefficient of progeny of this individual if it were mdteghdom in
the population (Crow & Kimura, 1970). Under this strategy, an individual’s genetic
importance can be determined based on the number and degree of relatedness of all
relatives that individual has in the population. Individuals with the lowest mean kinship
are priority breeders. Studies show that minimizing the overall kinship i efi@ctive
in reducing loss of genetic diversity than other proposed management methitms &Ba
Lacy, 1995; Montgomery, Ballou, Nurthen, England, Brisco & Frankham, 1997,

Fernandez & Toro, 1999; Toro, Silio, Rodriguez, Rodriganez & Fernandez, 1999; Saura,
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Perez-Figueroa, Fernandez, Toro & Caballero, 2008). A strategy based snthaK
benchmark against which all other strategies are compared.

A MK strategy has only been shown to be effective when the entire pedigree of
the population is known and pairings can be controlled. For this reason, many species
which do not naturally breed in pairs are managed in atypical social groupirngd guet
parentage is known and offspring can be identified. Using polygynous antelope as an
example, instead of allowing dominant males breeding large groups of femalegjers
use MK values to structure small, artificial harems in which a chosen naéebess to
one or a few select females to breed with each year. Non-breeding matelsveft
alone, off exhibit in individual enclosures or, if space is available, in badheids.

Although it is possible, with enough resources and control, to manage antelope
using MK values, this and other taxa with polygamous and promiscuous breeding
systems would benefit greatly from management techniques that more closely
approximate mating systems typically foundsitu. In the context of population
management, | define a “group” as a population for which detailed pedigree itilorma
is unknown and/or specific pairings cannot reliably be made (Chapter 1). | identifie
nine categories for genetic management (Table 1). Polygynous hoofstock tema to fi
the category in which individuals can be identified, parentage is known but pairings
cannot be controlled, or in the category in which individuals can be identified, one parent
often is not known and pairings cannot be controlled. Populations of these species in
smaller institutions can be easily and often preferably managed using MK values.
However, populations in larger captive facilities (including zoos, conservatiodimgee

centers, and game ranches) and in the wild cannot be managed using MK valuesl and nee
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some alternative. Focusing on management at the population level as well as the
individual level allows for global programs that include hundreds of captive Bnima
smaller populations along with the thousands of animals that live in large privdse he
and in the wild. A population-level management system is especially importauainy

of the desert ungulate species whose populations are so endangered that infaingve ca
breeding and reintroduction programs have been implemented at the global level.

Group management techniques that meet genetic goals while allowing aieimals
live in larger groupings would also reduce management costs and improve the social
environment relative to a pair-based management system using MK values: tRathe
focus on manipulating individual pairings, as in MK, group management techniques
would focus on other factors that influence genetic diversity. These factardancl
population subdivision, migration rates, and length of time a dominant individual is
allowed to breed (Chapter 1).

Manipulating the number of populations impacts both gene diversity and
inbreeding levels in a population. Genetic theory predicts that several sma#tpoymil
have a higher collective genetic diversity than a single large population @intiectstal
size (Kimura & Crow, 1963; Chesser, 1991; Lande, 1995). This is because the random
impact of drift works independently in each subpopulation, minimizing loss of alteles
the overall population. Experimental data also support the benefits of sevetal smal
populations (Caballero, Rodriguez-Ramilo, Avila & Fernandez, 2010; Margan, Nurthen,
Montgomery, Woodworth, Lowe, Brisco & Frankham, 1998), although one risk of small
subpopulations is inbreeding depression and heightened risk of extinction, as fewer

individuals mean a faster increase in inbreeding over time.
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Controlling migration between subpopulations is a way to reduce inbreeding by
introducing un- or less related individuals into the subpopulations (Caballero, Rodriguez-
Ramilo, Avila & Fernandez, 2010; Margan, Nurthen, Montgomery, Woodworth, Lowe,
Brisco & Frankham, 1998). Management of migration involves consideration of: (1)
which individuals migrate; (2) to which subpopulations they migrate; and (3) how often
migration occurs. Migrating or moving animals carries a financial odsietinstitutions
and a physical cost to the animals, so the most efficient management straidd)pe
one that keeps movement between subpopulations to a minimum. Group management
can be used to migrate individuals in a way that mimics natural behavior. irfgglect
individuals to migrate can be done by using natural dispersal patterns. For examaple
species in which males leave their natal group to find mates, males can be randomly
selected to migrate between subpopulations.

The tenure of a dominant male can impact the effective size of the population.
Small populations are more susceptible to loss of genetic diversity thangare la
populations. Due to demographic conditions such as sex ratio, the number of breeders
and the mean and variance in numbers of offspring, the genetically effective aize of
population is often smaller than the census size. Wright (1931) introduced the concept of
effective population size Nas the number of individuals in an ideal population that
would lose heterozygosity at the rate observed in the real population. Geneti¢ydisersi
lost at a rate of 1/2Noer generation, so the smalles, bhe faster genetic diversity is lost.
Maximizing the number of breeders, equalizing the sex ratio, minimizingneriin the
number of offspring among breeders and equalizing population sizes acrosti@enera

can all increase NLande & Barrowclough, 1987; Wright, 1931).
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Although each of these factors has been shown to affect retention of genetic
diversity, they have not been manipulated and tested as a management atyatesdy
one based on MK values. In contrast with management by MK, there are no commonly
accepted strategies for group management.

In this paper | use computer simulations to compare the success of various group
management strategies in retaining gene diversity and controlling inkgeddamn 489
scenarios that varied the number of subpopulations, migration rates, and the length of
time males were used as herd sires. | also varied the percentage of théiqrohat
was managed using MK. A blended management strategy — in which a portion of the
population is managed using MK values — might be appropriate for species that are
managed in a variety of facilities that range from housing small groups ¢éohards.

The computer simulations allowed us to compare the strategies and identifyattiose f
that performed best at retaining gene diversity and controlling inbreeding.

| chose to use the addakddax nasomaculatystudbook as a dataset
representative of and applicable to other polygamous species. Like other captive
populations, addax are distributed across the country and around the world in herds
ranging in size from a few individuals in smaller zoos to dozens of animals indke la
conservation centers. In the case of the Addax SSP program, two faleditidsalf of
the population. Fossil Rim Wildlife Center (FRWC), a site of approximately 1,786 ac
in Texas, has a carrying capacity of 60 animals and San Diego Wild Aninkal Pa
(SDWAP), an 1,800 acre site in California, can hold 40. Amongst the other zoos, there
are a few facilities that have the potential to hold small herds of anib@aZ0(

individuals) and others that can hold only a few individuals.
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The goals were to determine (1) whether group management could be considered
as an alternative to MK management, (2) whether there was a group manag@ategy
that could be recommended for the Addax SSP population, and (3) whether general
recommendations could be made on how to manipulate the management variables for use
in group management of other polygynous species.

Methods

| developed a stochastic simulation model (Figure 1) (lvy, 2010) in C++, for
which code is available upon request. | used the simulation to compare thecgffects
different group management strategies (Table 2) on retention of genetsitglirea
population after 100 years of managed breeding. Specifically, | evaluatstidtegjies
based on their effectiveness in retaining gene diversity while keeping inydedi
minimum in the overall population.

| imported data from the addax studbook for my analyses. Studbooks are species-
specific records that contain information on captive populations, including animal
identities, sexes, parentage, locations, and event dates such as births, deaths, and
transfers. Many ungulates have a long captive history and studbook data are used as a
starting point to look at the effects of management on an actual population inséead of
hypothetical, more idealized one.

Although one of the reasons to develop group management strategies is to
minimize or eliminate the need for studbook data, this pedigree information ssagce
in the simulation to calculate demographic parameters for the model asswelues for
gene diversity and inbreeding which allows us to compare the effects of different

strategies against MK management. In addition, group management for some of the
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Figure 1. Primary Components of the Stochastic Simulation Model. Parameters include
studbook data such as population size, sex, parentage, age, location, kinship, age of first
and last reproduction and stage-based mortalities; they also includeodiecbreeding
strategy, subpopulation structure, carrying capacities, migration rattkaeem male

tenure.
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Table 2. Management Strategies Tested. In MK breeding, individuals are selected to
breed according to their kinship value. In non-MK breeding, breeding individuals are

selected randomly from the population

In all strategies, migrants astesetandomly

as are the populations between which migrating individuals are exchangeantsiigre
selected as pairs to be exchanged in order to keep populations sizes stable.

Number of | Subpop size Breeding Scheme | Male Tenuré | Migrants /
Subpops Year
1 200 MK 100%; MK 0%; | 2,5, 10, 18 NA
Random 100%
3 Subpop 1 =60 | MK 100%; MK 70%; | 2,5, 10, 18 0,.2,51
Subpop 2 =40 | MK 50%; MK 30%; 2,4,10, 20
Subpop 3 =100 MK 0%
5 Subpop 1 =30 | MK 100%; MK 70%; | 2,5, 10, 18 0,.2,51
Subpop 2 = 30 | MK 50%; MK 30%; 2,4,10, 20
Subpop 3=20 | MK 0%
Subpop 4 = 20
Subpop 5 =100
8 Subpop 1 =30 | MK 100%; MK 70%; | 2, 5, 10, 18 0,.2,.51
Subpop 2 = 30 | MK 50%; MK 30%; 2,4,10, 20
Subpop 3 =20 | MK 0%
Subpop 4 =20
Subpop 5=50
Subpop 6 = 20
Subpop 7 =15
Subpop 8 =15

1. MK 70% indicates the proportion of individuals in population managed under an
MK strategy, with 30% managed under the Group strategy.
2. Number of years the breeding male is used in each subpopulation.
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lower group categories may involve a combination of group and MK management that
will require that some individuals be identified.

| chose addax as the model species as the management and life history
characteristics of this species are representative of a number ofmpalggantelope.
Addax herds are led by a dominant male that breeds year round with multiplestema
Females produce a single offspring each year. Individuals become repmelgucable
at around 3 years of age and reproductively senescent in their late teens.wadglax
also chosen because they are a Critically Endangered species (IUCN 2008) active
captive breeding, conservation, and reintroduction program (Newby & Wacher, 2008;
Woodfine, Gilbert & Engel, 2004). The wild population in northern Africa is estimated
at fewer than 300 individuals (Newby and Wacher, 2008); however, there are hundreds of
individuals in zoos throughout the world and thousands more in private reserves (Gilbert,
T., personal communication, 2009).

| imported data for an initial population of 186 individuals into the model (Figure
1). This number comprised all the managed addax in the AZA SSP program. Data were
taken from the 2008 Addax Analytical Studbook (Spevak, 2009) and included
information on each individual, including sex, parentage, age, location, and a kinship
matrix of living animals created using PM2000 (Pollak, Lacy & Ballou, 2005). Inputs
also included demographic information for both males and females, including agé of firs
and last reproduction and juvenile, adult, and geriatric mortalities (TableaB)yir@
capacity for the total population was set at 200 individuals, the goal set by the AZA

Antelope and Giraffe Taxon Advisory Group (TAG) (Fischer, 2009).
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Table 3. Demographic parameters used in the simulation. Demographic data were
calculated from the analytical studbook (Spevak, 2009). Although animals can live
beyond 18 years, that age was treated as the cutoff because that is thehage a
managers consider an animal too old to move or recommend for breeding.

Males Females
Age of First Reproduction 3 3
Age of Last Reproduction 18 16
Annual Infant Mortality (age 0-1) .25 .25
Annual Adult Mortality (Age 1-16) .08 .08
Annual Geriatric Mortality (age 16+) .25 .25
Maximum Age 18 18
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After importing the data, the population was modeled either as a single large
population, or divided into several subpopulations (Table 2). Each year enough animals
were bred to produce the offspring needed to maintain the population or subpopulations
at carrying capacity. The number of offspring necessary to keep the pmpalat
carrying capacity was determined by subtracting the current populatsoipopulation
size from the carrying capacity, and then adding the number of currentlydinvinals
that are expected to experience mortality during the time-step. Individesdspaired
according to a specified breeding scheme (defined below) and produceda singl
offspring per pairing. Offspring had a 50% chance of being either malmalefe The
kinship matrix was updated after offspring were produced, animals were aged @ne tim
step (one year), and experienced stage-based mortality (rates shown in Tdlble 3)
following genetic parameters were then calculated: Inbreedingal@dated as the
average inbreeding coefficient JfFgenetic variation was calculated as the proportional
gene diversity (GD), which was 1 = mkvhere mkwas the average mean kinship in the
population (Ballou & Lacy, 1995). If specified as part of the strategy, tiogrhetween
subpopulations then occurred at the prescribed rate. Each simulation was run 1000 times
using a different random number seed to select breeders and migration patteansot | di
include selection, mutation, or immigration into or emigration out of the total gtoqul
in the models.

To examine the effect of different group management strategies on genetic
diversity, | designed 489 scenarios based on combinations of the following four
variables: the breeding scheme (percent of the population managed by MK vs. “group

management” — see below), population structure (number and size of subpopulations),
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migration rates, and the length of time a single male was kept as the domiedet bre
(male tenure).

Breeding Scheme

One of the variables that affect the success of a management stralegy is t
breeding scheme. | compared a 100% MK breeding scheme, a 100% group breeding
scheme, and combinations of MK and group management (e.g., 50% animals managed
using MK, 50% with “group management”). | also compared these results with those
from a single, randomly breeding population.

To simulate MK management, MK values were calculated each year for all
individuals in the population. The two individuals with the lowest MK values were
paired, without replacement (each animal could be paired only once each timerstep), a
produced a single offspring. MK values were recalculated and the next paielecied.

This process was repeated until the target number of pairs was reached. A#houg
pairs reproduced, not all offspring survived to the next time-step due to infantityjorta
In order to minimize inbreeding, couples with a kinship value greater than the average
MK were not paired and the next best pairing was chosen (as is done in practice

In group management, breeding was simulated by randomly selecting one male to
breed with randomly selected females in that subpopulation. Each female produced one
offspring per year. Offspring were produced until carrying capémitthe
subpopulation was reached. Once a given male was selected for breedingnedont
to be the breeding male until he either (1) reached the maximum number of breeding
years specified or died. If a male bred for the maximum number of yearSespand

remained alive, that male was not selected again for breeding.
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| examined a mix of MK and group breeding populations as part of a blended
management scheme. This scheme simulated a realistic manageategy &ty which
smaller institutions with less space and fewer animals could managartimeals using
MK while larger facilities and managers working in situ could allow arsrt@mbreed
naturally in polygynous herds. Mixed breeding strategies included subpopulatibns wi
70% group management/30% MK management, 50% group management/50% MK
management, and 30% group management/70% MK (Table 2)

The final breeding scheme in the comparison was a single, randomly breeding
population. During the random breeding process, a male and a female were randomly
selected to pair, without replacement each year, to produce one offspring. Random
breeding pairs were selected until carrying capacity was reachemtiAthe random
breeding option in group breeding, some individuals never reproduced and others
reproduced multiple times with the same or different partners over thaméfet

Population Structure

To test the impact of subpopulation division, | modeled addax as: (1) one
population; (2) three subpopulations, in which the SDWAP and FRWC each managed a
large herd, while the rest of the population was managed by MK; (3) five subpopulations,
allowing SDWAP and FRWC to split their large herds into two subpopulations each; and
(4) as eight subpopulations, in which SDWAP and FRWC each had two subpopulations,
three breeding centers were created with carrying capacities of 20, 15, awdvichials

each, and the remaining 50 animals were managed as a single subpopulation (Table 2).
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Migration

Subpopulations between which migration occurred were selected randomly. In
order to maintain relatively constant subpopulation sizes, pairs of individualsracee
between subpopulations. In a single migration event, two subpopulations were randomly
selected, with replacement, between which the pair of male migrants viesg&d.
Migrants were selected randomly without replacement (a given male couttbret
more than once during a given time-step) and traded between subpopulations. This
process was repeated until the total number of migration events specifiedhveashe
was reached.

In this simulation, reproductive males were randomly selected to migsategta
is how it would most likely occur in managed and wild populations. | compared eight
migration strategies (Table 2) ranging from no migration to twentyanigmper year (ten
migrant pairs exchanged). In this simulation, the act of migration has no impact on
fecundity or mortality.
Male Tenure

In a polygamous mating system, in which a dominant individual monopolizes
mates, breeding opportunities for others are lost, reducing the total number efreed
and N.. | reduced variance in male breeding success by reducing the time amtomina
animal was allowed to breed. Breeding males were turned “off” after disgpewmber
of breeding years thus allowing more individuals to breed. In reality, turningiraala
off could be temporary (contraception, housing with other post- or non-reproductive
animals, sending outside of the managed population) or permanent (castration or

euthanasia). In the model, a single male in a harem subpopulation is randomlg selecte
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to pair with all randomly selected females. Once a given male is sefectereeding, he
continues to be the breeding male until he reaches the maximum number of breeding
years specified or dies. If a male breeds for the maximum number of yeafied@and
remains alive, he is not selected again for breeding. | tested male doenth@ations of
2 years, 5 years, 10 years, and 18 years (the duration of a male’s reprodegtive |

For each scenario, | calculated the mean GD and F based on 1000 iterations after
each of 100 years. | present the most effective strategies in three ({@ayfise ten best
scenarios of all simulations, (2) the ten best scenarios for a 50/50 group/MK blended
management strategy, which is relevant for addax and other managed polygynous
ungulates, and (3) the ten best scenarios for 100% group (0% MK) managenegy,stra
which are relevant for a variety of polygynous species in captivity and inilithe

| used regression analyses to examine the impacts of the independent variables —
percent MK management, male tenure, number of subpopulations, migration (Table 2) —
on the dependent variables of GD and inbreeding (INB) after 100 years of breBdita
were transformed by squaring the independent variables to achieve a mare linea
scatterplot. | added an interaction term to test the relationship betwista &ad the
other independent variables.
Results
| found that, out of the 489 breeding schemes tested, 100% MK management did better
than any of the less controlled breeding schemes at maintaining gene y{{&giand
minimizing inbreeding (INB) (Figure 2, Figure 3, Figure 4, Table 4). The sftesttive

strategy was a single population managed using MK. The average GD after 10ff years
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Figure2. Ten most effective scenarios for average Gene Diversity over the 1@0oyear
the simulation. All are 100% MK, 0% group management. Included for comparison is a
single, MK managed population and a single, randomly breeding population. In the key,
the first number is the number of subpopulations, the second is the number of migrants,
the third is the number of years that the harem male can breed.
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Figure 3. Top 10 scenarios for average Inbreeding over the 100 years of the simulation.
All are 100% MK, 0% Group management. Included for comparison is a single, MK
managed population and a single, randomly breeding population. In the key, the first
number is the number of subpopulations, the second is the number of migrants, the third
is the number of years for which a harem male can breed.
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FIGURE 4. Averages and 95% confidence intervals for all strategies tested. Vadues ar
based on the averages over 100 simulations after 100 years.
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TABLE 4. Comparison of the top scenarios in minimizing inbreeding (a) and
maintaining gene diversity (b). All are 100% MK, 0% Group managemenudkxdtifor
comparison is a single, MK managed population and a single, randomly breeding
population. Values are based on the averages over 100 simulations after 100 years.
Highlighted scenarios are the same in both INB and GD.

(@
AVERAGE INBREEDING
TOP STRATEGIES and RANDOM
2 stdev 2 stdev

POPS | MK MIGRATION HM AveF100 STDEV below above
1 100 | na 18 0.125 0.001 0.124 0.127
3 100 | 20/year 2 0.132 0.001 0.130 0.135
3 100 | 20/year 5 0.133 0.001 0.130 0.135
3 100 | 20/year 10 0.133 0.001 0.130 0.135
3 100 | 20/year 18 0.133 0.001 0.130 0.135
3 100 | 10/year 18 0.134 0.001 0.131 0.136
3 100 | 10/year 2 0.134 0.001 0.131 0.136
3 100 | 10/year 10 0.134 0.001 0.131 0.136
3 100 | 10/year 5 0.134 0.001 0.131 0.136
5 100 | 20/year 2 0.135 0.001 0.132 0.137
5 100 | 20/year 10 0.135 0.001 0.132 0.137
1|Rand | na 18 0.168 0.004 0.159 0.177

(b)

AVERAGE GENE DIVERSITY

TOP STRATEGIES and RANDOM

2 stdev 2 stdev

POPS | MK MIGRATION HM GD Avel00 | STDEV below above
1 100 | na 18 0.864 0.001 0.862 0.865
3 100 | 20/year 2 0.856 0.001 0.854 0.859
3 100 | 20/year 10 0.856 0.001 0.854 0.858
3 100 | 20/year 5 0.856 0.001 0.854 0.858
3 100 | 20/year 18 0.856 0.001 0.854 0.859
3 100 | 10/year 18 0.855 0.001 0.853 0.858
3 100 | 10/year 2 0.855 0.001 0.853 0.858
3 100 | 10/year 10 0.855 0.001 0.853 0.858
3 100 | 10/year 5 0.855 0.001 0.853 0.858
3 100 2 0.855 0.001 0.853 0.857
3 100 10 0.855 0.001 0.853 0.857
1| RAND | Na 18 0.826 0.004 0.818 0.834
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MK management is .864 and the average INB is.125. In managing one population using
MK, the resultant values of GD and INB were the same regardless of male,tso only

a single value for 1 population,100% MK management is shown. In the ten next-best
strategies, GD after 100 years ranges from .856 to .855 and INB ranges from .132 to .135.
None are significantly different from each other, but they are all signifycdifferent

from a single population managed using MK (Figure 4, Table 4). In GD, the difference
between the MK strategy and the next best strategy is .009, in INB it is .007. All10 of the
best-managed populations did significantly better than a single, randomly breeding
population.

Note in Figures 2 and 3 that all strategies show an initial drop in genetic giversi
which is due to the death of the oldest animals in the population. In these simulations |
set the maximum age at 18 years, which reflected how the animals amgechana
resulted in the oldest animals, several of which were genetically valtalble removed
from the population at the beginning of the simulation.

The top ten breeding strategies using 50% Group/50% MK management are
shown in Figures 4, 5, and 6 and Table 5. This 50/50 strategy is shown because it is a
likely management option for addax, where half the population is managed in smaller
zoos and the other half is located in two large herds at FRWC and SDWAP. A
comparison of average values of GD and INB after 100 years of managenignt is a
shown in Table 5. The best overall strategies are those that maximizeanigrat
minimize harem male tenure. Although group management did not do as well as MK
management, it did better than a single, randomly breeding population (Figure 4, Table

5). The average INB in MK management is .125 and the GD is .864. In the ten next best
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Figure5. Average Gene Diversity over the 100 years of the simulation. Top 10

scenarios using a mixed management strategy of 50% group management, 50% MK
management. Included as part of the comparison is a single, MK managed population and
a single, randomly breeding population. In the key, the first number is the number of
subpopulations, the second is the number of migrants, the third is the number of years for

which a harem male can breed.
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Figure 6. Average Inbreeding over the 100 years of the simulation. Top 10 scenarios
using a mixed management strategy of 50% group management, 50% MK management
Included as part of the comparison is a single, MK managed population and a single,
randomly breeding population. In the key, the first number is the number of
subpopulations, the second is the number of migrants, the third is the number of years for
which a harem male can breed.
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TABLE 5. Comparison of the top scenarios in minimizing inbreeding and maintaining
gene diversity. All are 50% group management, 50% MK management. Included for
comparison is a single, MK managed population and a single, randomly breeding
population. Values are based on the averages over 100 simulations after 100 years.
Highlighted scenarios are the same in both INB and GD.

AVERAGE INBREEDING 50%MK
2 stdev 2 stdev
POPS | MK MIGRATION HM | AveF100 | STDEV below above
1 100 | na 18 0.125 0.001 0.124 0.127
5 50 | 20/year 2 0.146 0.003 0.140 0.153
3 50 | 20/year 2 0.149 0.004 0.141 0.158
3 50 | 10/year 2 0.151 0.005 0.142 0.160
5 50 | 10/year 2 0.151 0.005 0.142 0.161
5 50 | 20/year 5 0.157 0.006 0.144 0.170
3 50 | 4/year 2 0.159 0.007 0.145 0.171
8 50 | 20/year 2 0.160 0.004 0.151 0.169
3 50 | 20/year 5 0.163 0.0105 0.142 0.184
5 50 | 10/year 5 0.165 0.008 0.148 0.182
3 50 | 10/year 5 0.166 0.011 0.144 0.188
1| RAND | na 18 0.168 0.004 0.159 0.177
AVERAGE GENE DIVERSITY 50% MK
GD 2 stdev 2 stdev
POPS | MK MIGRATION HM | Avel00 STDEV below above
1 100 | na 18 0.864 0.001 0.862 0.865
5 50 | 20/year 2 0.845 0.002 0.842 0.849
5 50 | 10/year 2 0.844 0.002 0.839 0.848
5 50| 0 2 0.842 0.003 0.836 0.849
3 50 | 20/year 2 0.841 0.002 0.837 0.845
5 50 | 20/year 5 0.840 0.002 0.835 0.845
3 50 | 10/year 2 0.840 0.002 0.835 0.844
5 50 | 4/year 2 0.839 0.003 0.833 0.845
5 50 | 2/10 years 2 0.838 0.004 0.829 0.846
5 50 | 10/year 5 0.838 0.003 0.831 0.844
5 50| 0 5 0.837 0.004 0.829 0.845
1| RAND | na 18 0.826 0.004 0.818 0.834
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strategies, average INB ranges from .146 - .166. There are some signifisaahdéds
between these strategies, and all result in a higher inbreeding level thanhdKesTlts

are similar with GD, for which the ten next best strategies range from .833.

Although there are some differences between the ten strategiesublirdess GD than

MK. In INB, the difference between the MK strategy and the next bestgstrafter 100
years is .021, in GD, itis .018. Managed populations did significantly better at retaining
genetic diversity than a single, randomly breeding population.

In many cases of group management, it will not be possible to manage any
populations using MK. The top ten breeding strategies are shown for 100% group
management (0% MK) in Figures 7 and 8 as well as a comparison of averagefalues
GD and INB after 100 years of management (Table 6). Using MK managemengeavera
GD and INB are .125 and .864, respectively. In the ten next best strategieged&a
ranges from .202 - .254. There are some significant differences betweestthtsygies,
and all are significantly greater than MK. The results are similar grtie ten next
best strategies range from .804 - .793, with some significant differencesebetw
strategies, and all are less effective than management using MK. In INBff¢inence
between the MK strategy and the next best strategy is .077, in GD, itis .059. The top 10
managed populations did significantly worse than a single, randomly breeding
population.

| performed multiple regression analyses to look at the impact of the management
variables on the dependent variables of GD and INB (Figures 9 — 12). In all gseastri
the percentage of the population managed by MK decreased, the ability tammainta

genetic diversity (GD and INB) over the long term also decreased. Aadtiter term
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Figure7. Average Gene Diversity over the 100 years of the simulation. Top 10

scenarios using a management strategy of 100% group management. Includedfas pa

the comparison is a single, MK managed population and a single, randomly breeding
population. In the key, the first number is the number of subpopulations, the second is the
number of migrants, the third is the number of years for which a harem male can breed.
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Figure 8. Average Inbreeding over the 100 years of the simulation. Top 10 scenarios
using a management strategy of 100% group management. Included as part of the
comparison is a single, MK managed population and a single, randomly breeding
population. In the key, the first number is the number of subpopulations, the second is the
number of migrants, the third is the number of years for which a harem male can breed.
Note, the scale of this is twice that of the others in order to display the top &Qistat
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TABLE 6. Comparison of the top scenarios in minimizing inbreeding and maintaining
gene diversity. All are 100% group management, 0% MK management. Included for
comparison is a single, MK managed population and a single, randomly breeding
population. Values are based on the averages over 100 simulations after 100 years.
Highlighted scenarios are the same in both INB and GD.

AVERAGE INBREEDING 0% MK
2 stdev 2 stdev
POPS | MK MIGRATION HM | AveF100 | STDEV below above
1 100 | na 18 0.125 0.001 0.124 0.127
1| RAND | na 18 0.168 0.005 0.159 0.177
8 0 | 20/year 2 0.202 0.009 0.184 0.220
8 0 | 10/year 2 0.212 0.010 0.191 0.232
5 0 | 20/year 2 0.237 0.015 0.208 0.266
5 0 | 10/year 2 0.238 0.015 0.209 0.267
8 0 | 4/year 2 0.245 0.015 0.215 0.275
8 0 | 20/year 5 0.246 0.017 0.212 0.279
3 0 | 10/year 2 0.246 0.013 0.221 0.272
3 0 | 20/year 2 0.247 0.013 0.218 0.275
3 0 | 4/year 2 0.252 0.014 0.226 0.279
5 0 | 4/year 2 0.254 0.019 0.216 0.291
AVERAGE GENE DIVERSITY 0% MK
GD 2 stdev 2 stdev
POPS | MK MIGRATION HM | Avel00 STDEV below above
1 100 | na 18 0.864 0.001 0.862 0.865
1| RAND | na 18 0.826 0.004 0.818 0.834
8 0|0 2 0.804 0.010 0.784 0.825
8 0 | 2/10 years 2 0.804 0.009 0.785 0.823
8 0 | 2/4 years 2 0.804 0.009 0.785 0.822
8 0 | 2/2 years 2 0.802 0.008 0.785 0.819
8 0 | 2/year 2 0.801 0.008 0.786 0.816
8 0 | 4/year 2 0.799 0.007 0.784 0.813
8 0 | 10/year 2 0.796 0.007 0.782 0.811
8 0|0 5 0.796 0.009 0.778 0.814
8 0 | 20/year 2 0.794 0.007 0.780 0.809
8 0 | 2/10 years 5 0.793 0.009 0.775 0.811
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FIGURE 9. In populations that have some percentage of MK management, impact on
GD (R = .831) of (a) number of subpopulations, (b) percent MK management, (c) male
tenure, and (d) number of migrants.
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FIGURE 10. In populations that have some percentage of MK management, impact on
INB (R? = .836) of (a) number of subpopulations, (b) percent MK management, (c) male
tenure, and (d) number of migrants.
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FIGURE 11. In populations that have some 100% group management (0% MK
management), impact on GDAR .902) of (a) number of subpopulations, (b) male
tenure, and (c) number of migrants.

(a) GD vs. number of populations

0.900

0500 //

0.700

0.600

0.500 T T . T . )
3 4 5 6 7 8

(b) GD vs. maletenure
0.900
0.850
0.800
0.750
0.700

0.600

0.550
0-500 T T T T T 1

(c) GD vs. number of migrants

0.900

0.800

0.700 —

0.600

0.500 : : . : : . .
02 05 1 2 5 10 20

53



FIGURE 12. In populations that have some 100% group management (0% MK
management), impact on GD4R .756) of (a) number of subpopulations, (b) male
tenure, and (c) number of migrants.
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was added to test the relationship between MK and the other independent variables.
When there was no MK management, the impact of the independent variables was
sometimes opposite that of MK management. The population was examined in two
ways, (1) when there was some form of MK management (percent of MK managed
subpopulations > 0) (Figures 9-10) and (2) when there was no MK management (group
management only) (Figures 11-12).

Discussion

Mean Kinship is the most widely accepted strategy for genetically nmgnag
animals in captivity and my simulation results also show it to be the most slutoes
retaining gene diversity and minimizing inbreeding. | also found that, amnpefdde
population which is managed using MK values decreases, so does genetic divémsity
population. However, there are many species for which an individual-based model
cannot be implemented. These are groups — populations for which pedigree information
is missing and pairings cannot be controlled. These populations, both in captivity and in
the wild, are in need of a genetic management plan that is an alternative to MK
management.

Group Management versus MK

For those species for which MK management is not possible, group management
can provide an alternative that is more effective that no management. With 100% group
management — using no pedigree information, but relying on population subdivision,
migration rates, and male tenure to manage the population — the decreasaan genet
diversity (INB and GD) in the addax population after 100 years could be as little as 8

percent from that of the starting population. In comparison, MK management would
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result in a decrease of about 2 percent. In the ten most effective breddingesaising

100% group management, GD ranged from .804 - .793, and INB ranged from .202 - .254.
In the ten worst strategies, GD ranged from .572 - .279 (with the lowest beingé¢hef ca

a single population with a single dominant male breeding for the duration oehiarid

INB ranged from .680 - .749. These data suggest that, even with no knowledge of the
pedigree, simple management recommendations regarding population and smtiakestr

can enhance retention of genetic diversity.

In simulations in which there was some MK management, increasing the number
of migrants and decreasing the male tenure had a positive impact on genegitydiver
(increasing GD and decreasing INB). Increasing the number of subpopulateesed
GD, but it also increased INB.

In populations in which there was no MK management (i.e. 100% group
management), decreasing male tenure also had a positive impact on geaesitydi
Increasing the number of migrants tended to decrease INB (with theieraeip20
migrants/year), but it also decreased GD. The slight rise in inbreeding agr2dts
occurs because some subpopulations contain 20 individuals or less. Instead of infusing
populations with new migrants, a large migration rate has the impact of simply moving
most of the population from one location to the next, allowing related individuals to
continue to interbreed. Increasing the number of subpopulations increased GD.

Group management does carry a genetic cost as compared to MK management.
Costs are loss of gene diversity and an increase in inbreeding. These gersstinatost
tolerance for risk should be considered within the framework of the species being

managed and the goals of the program. Research has shown that a loss of genetic
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diversity impacts species differently (Shields, 1993; Caro, 1994; Ralls, Br&gge

Ballou, 1979; Keller & Waller, 2002). In addition, the conservation, research, and
management goals for the population must be considered. The genetic standards for
captive group of American toadByfo americanusmeant for education and display
purposes in zoos and aquariums will be lower than for a captive population of the
Critically Endangered Panamanian golden frAgelopus zetekwhich is being managed

as an assurance population because numbers in the wild have been decimated due to
disease and habitat destruction. The benefits of genetic management should be weighed
against resource availability and the financial costs of animal manageitesre are
financial and welfare costs to moving animals, subdividing populations, contracepting or
separating out individuals who are not recommended to breed, and artificially
inseminating animals that need to breed. Molecular determination of individual and
population relatedness does not impact welfare, but may carry the mostargnif

financial cost to a management plan.

Group Management of Addax

In the addax case study, using a 50% group/50% MK management strategy,
which approximates the current structure and management strategy for ithe capt
population, the loss in genetic diversity after 100 years could be as little aseBtper
more than with 100% MK management. Achieving this level of genetic diversity
retention would involve creating 5 subpopulations, decreasing male tenure to two years
and migrating 20 individuals each year (two facilities exchanging 10 aeaah). If
this level of management is financially impractical a less expensamaiitve could be

chosen, for example one with 5 subpopulations, a male tenure of 5 years, and a migration
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rate of 10 individuals per year. The genetic cost of this managementystaggg MK
strategy after 100 years is a 4% increase in INB and a 2.6% decrease in GD.

The addax population is Critically Endangered (IUCN, 2008) and the populations
in the wild are thought to be half as large as those in captivity (Spevak, Blu@erefl,

1993; Shurter, 2009). If genetic diversity is lost in captivity, it is likely fostver.

There are several studies that show that inbreeding depression decreasés ungula
survival and reproductive success (Ralls, Brugger & Ballou, 1979; Lacy, 1993,
Cassinello, Montserrat & Roldan, 2002; Roldan, Gomendio, Garde, Espeso, Ledda,
Berlinguer, Del Olmo, Soler, Arregui, Crespo & Gonzalez, 2006). Toleranceskanri

the addax population is low and | recommend the continued use of MK management for
the AZA Addax SSP population.

The information gleaned from the simulations in this study should also be used
for an international captive breeding strategy for pedigreed populations. Aithoug
individual regions (e.g., North America, Europe and Australia) manage manyrof thei
populations using MK, they do so as separate entities. Captive plans could instead be
developed around a single international population with regional subpopulations (e.g.,
SSP, EEP, Australasian Species Management Program) and then migratiandates
male rotation could be altered accordingly while each region continued to mhaage t
own population using MK. In addition to addax, this type of breeding scenario could be
applied across many species in a number of taxonomic groups.

Group Management General Recommendations

The simulations in this study provide guidance for managers looking to impleroapt g

management:
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1. MK management was the most effective strategy to maintain genetisitiive a
population. Increasing the percentage of the population managed by MK and
increasing the number of individuals that migrated through MK-managed populations
increased GD and decreased INB.

2. Decreasing the tenure of breeding males enhanced the genetic diveasity i
population. Instead of allowing a single male and his genes to dominate the
population, a decreased male tenure increased the effective size by réldecing
variability in breeding success and giving more males an opportunity to breed. The
duration of the tenure will depend upon the species and available resources to house
non-reproductive males. The financial costs of limiting male tenure are ahinim
(except to the males, as the solution for turning them off would likely be castration or
vasectomization); however the quickest rotation (every other year) could leave
managers with the problem of finding housing for all their no-longer-viable males.

3. In this simulation, | compared the effectiveness of migration strat€gable 2)
ranging from no migration to twenty migrants per year (ten migrant paiheeged).
Migration typically reduced the inbreeding in a population. In terms of maxigqizi
retention of GD, the impact of migration depended on the level of MK management.
If there was some MK management, increasing migration tended to inGBase
Migration increases the number of individuals that rotated through a MK-managed
population, in which underrepresented individuals are bred preferentially. When
there was no MK management, eliminating or minimizing migration was the best

strategy.
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Migration has a cost in managed populations. Costs include the actual transport of an
animal from place to place as well as the staff resources involved in recaiving
animal or preparing one for shipment (e.g., quarantine space and care, mstiical te
crate training). Also, although in this simulation the act of migration has no impact
on fecundity or mortality, in reality there is always a certain risk. Beaaiubes, the
benefits of migration will always have to be considered against the costs. In many
scenarios, the benefit of moving from ten migrants per year to twenty was not a
significant one. Given the costs and logistics of moving 20 individuals, managers
might decide that the minor benefits of doubling migration are not worth it. However,
this is focused on a population of addax, and migration would involve moving
animals across the country. In a population of snails migrating betweenrtah&s
same environmental chamber, the cost is negligible and even the tiniest cauldfi
be worth the effort.
Population subdivision tends to increase both INB and GD. The exception is in
populations where there is no MK management and inbreeding arcs very slightly,
increasing from 3 to 5 populations and decreasing from 5 to 8. Difficulties for
managers arise in determining which factor is more important — maxin@ingr
minimizing INB. The answer lies in the population and species and which measure
of genetic diversity needs to be conserved.

Population subdivision is also the one factor which is most often difficult to
control, given that captive populations are made up of discrete institutions with se
facilities and carrying capacities. In the case of addax, subdivision woulddte m

useful in situations of true group management, where large wildlife centers have
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herds of antelope that can be separated in a variety of ways. Subdivision

considerations can be very useful for other taxonomic groups, where the boundaries

of space and carrying capacities are less rigid. For example, thedPsppulsnail

SSP has more flexibility with subpopulations, as they are tanks instead of zoos.

The term “group management” usually evokes images of attempting to manage
massive colonies of bats, large flocks of birds, or indistinguishable tanks of ingeeebr
Polygynous ungulates are a unique case, in that they straddle the world of individuals a
groups and the solution may lie in a mixture of MK and group management. These
simulations show that a single best group management scheme (something ak)n to MK
will not exist for all for species. Instead, population biologists should develogstgate
based upon the species, the population (size, scope, and structure), and the management
capabilities of the institutions and individuals involved. Instead of a single
recommendation, this research provides a process, a set of components thateagy ma
should take when considering a group for management. The stepping stones of variables
to consider should include (1) group category, (2) genetic history (in thisgeasatic
history was contained in the studbook data used in the simulation), (3) % MK
management possible, and (4) how the parameters of subpopulation structure, migration
rates, and effective size can be combined with the other factors and manipulated t
maximize gene diversity and minimize inbreeding. These guidelines can beyused b
managers looking to develop a comprehensive long-term management plan, and also by
those just looking to answer a specific management question on a particularanimal

population.
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There is a strong need for Group management strategies for presengtig ge
diversity. This type of group management (based on populations instead of individuals)
can be applied to a wide variety of captive species in need of propagation and long-term
sustainability. Group management will be especially useful in managing wild
populations, where it is virtually impossible to maintain a pedigree and controigsairi
For some species, there will be a cost of moving from individual to group management
that must be considered and evaluated. For others, which are at present considered
“unmanageable,” group management offers nothing but an enhancement of their geneti

security.
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Chapter 3: A Robustness Test of Mean Kinship.

Introduction

Zoos and aquariums around the world manage animals to maintain populations
that are demographically stable and genetically diverse. Some of thenteaseigenetic
management occurs in regional and international cooperative breeding progitams tha
involve specific breeding recommendations for individual animals across hundreds of
species. These programs provide the essential framework of planning and suppert for t
intense genetic management needed for long-term population sustainability.

The goal of genetic management is to preserve the heritable diversityifiound
wild gene pools so the captive population has genetic variation for both individual fitness
and population variability. Many programs — such as the Association of Zoos and
Aquariums (AZA) Species Survival Plan (S$®r Population Management Plan (PMP)
programs or the European Association of Zoos and Aquaria (EAZA) European
Endangered Species Programme (EEP) — strive to minimize inbreeding andizeaxi
retention of gene diversity, with the general goal of maintaining 90 tegeeae diversity
for 100 years (Soulé, Gilpin, Conway & Foose, 1986).

Mean Kinship (MK) (Ballou and Lacy 1995) is the genetic management strategy
used worldwide in captive population management to maintain genetic diversity and is
the benchmark against which all other strategies are compared. See Chapter 1 f
detailed description of how MK is calculated. Under this strategy, an indilgdyealetic
importance can be determined based on the number and degree of relatives that
individual has in the population: individuals with the lowest MK value are priority

breeders and are selected to produce offspring. The optimal breeding plan is prgduced b
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sequentially selecting breeding pairs with the lowest MK values to produsgeiogf,
starting with the pair with the lowest MK values, adding the pair with tkeloeest,
and so on, until the recommended number of offspring are produced.

Studies show that minimizing the overall kinship is more effective in reducing
loss of genetic diversity than other proposed management methods (Ballou & Lacy,
1995; Montgomery, Ballou, Nurthen, England, Brisco & Frankham, 1997; Fernandez &
Toro, 1999; Toro, Silio, Rodriguez, Rodriganez & Fernandez, 1999; Saura, Perez-
Figueroa, Fernandez, Toro & Caballero, 2008). A kinship-based breeding strategy is
modeled with all MK breeding recommendations being followed. However, this
idealized scenario does not always occur in the complicated reality oflanima
management.

The AZA Population Management Center conducted an analysis of breeding and
transfer recommendations during the one-year period after the distribution cdipampul
management recommendations (Cronin et al 2006). The study looked at
recommendations to “breed” and “not to breed” as well as recommendations tertransf
or hold animals and found that, on average, programs were able to achieve 75% of their
target number of births. Out of those, only two-thirds of those births resulted from
recommended pairings, with the remaining one third coming from pairings ¢nat w
specifically recommended against (e.g., those with High MK values). Bgesulicess
for SSPs, where participation from all holding institutions is expected, wad foure
higher than for PMPs, where participation is only encouraged. Although the study did
not solicit specific reasons for the failure of institutions to breed or not breedlaram

recommended, one potential reason given was that animals that have low MKavalues
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underrepresented because they are unsuccessful breeders (Cronin et al 20@®uldrhis
be due to physical limitations of the individual animals involved in a particular
recommendation or it could be due to the fact that the reproductive biology of their
species is not suited to a MK pair based management system. As an exampld, the A
Cheetah Acinonyx jubatusSSP utilizes large breeding centers, where mate choice plays
a role in the enhanced breeding success the population needs for sustain&sidy (C
2010). The significance of mate choice has been documented in many species
(Andersson, 1994; Duraes, Loiselle, Parker & Blake, 2009; Edwards & Hedrick, 1998;
Eizaguirre, Yeates, Lenz, Kalbe & Milinski, 2009; Milinski, 2006, Brown, 1997; Ryder,
Tori, Blake, Loiselle & Parker, 2010) and it plays an increasing role in captive
management decisions.

Conversely, animals that are prolific breeders tend to rise above theeaiiifag
of the population. If they are part of a managed program, they are recommended to stop
breeding, but they sometimes continue to do what they do best — produce offspring —
even if it is contrary to the genetic health of the population.

A study in Australasia found that Australian zoos were successful in
implementing only 68% of breeding recommendations (Lees & Wilcken, 2009). The top
reason listed for the lack of success was the failure of people, for a vanieagsohs, to
follow the recommendations. These reasons are often not deliberate. For egample
simple lack of communication was indicated as a major culprit in failed
recommendations. The next cited reason was the failure of animals to breetheyhen t
were put together for that purpose. Reasons for this include biological fatbras

pair incompatibility and unexpected morbidity and mortality in the population.
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Managers are familiar with the reality of failed recommendatiadsactor
imperfect success into their management plans by recommending a number oigbreedi
pairs that exceed that needed to maintain the population at carrying capacity.
example, if ten pairs are needed to reach carrying capacity, but neireagarience
with the population led them to estimate a success rate of only 50%, then 20 pairings
would be recommended in a management plan. Thus, even if the absolute best genetic
pairings were not successful (the ten pairings with the lowest MK vaalkes),
recommendations are still genetically beneficial to for the populatiertén pairings
will come from the 20 lowest MK values). Managers must also factor in thiy thal
overrepresented animals that are recommended “not to breed” regutadiice
offspring. When this happens, the management plan must be altered and the number of
recommended pairings must be reduced so that the population does not exceed carrying
capacity.

In this paper | used computer simulations to determine how well a MK-based
management system was able to retain gene diversity in a morgéaeaksronment,
where not all pairings were based on the absolute lowest MK values. To modgl reali
looked at a variety of breeding situations involving combinations of different pagesnt
of low MK success and high MK breedings. “Low MK” pairs are those additjmaied
recommended by managers to ensure that demographic goals are met. Although not the
absolute best pairings, they are still recommended as being benefiaiglh MK” pairs
are those that are recommended against, but sometimes occur and must be donsidere
because the offspring from these pairings take up valuable captive spaeasohg the

number of Low MK pairs that can be made.
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My goals are to determine: (1) how capable a mean kinship strategy israhgeta
gene diversity when pairings include less-than-ideal genetic matahesiéw robust it
is) and (2) where managers should direct their efforts to improve genetigenaara —
at improving the success of the lowest MK pairings or preventing High Mkngaifrom
occurring.

Methods

| developed a stochastic simulation model (Figure 13) (lvy, J. 2010) in C++, for
which code is available upon request. | used the simulation to assess the robustness of
MK-base strategy in a population to retain gene diversity after 100 yeansnahall
breeding pairs were chosen on the bases of ideal MK management.

| used data from six different studbooks (Table 7). Studbooks are species-specific
records that contain vital information on captive populations, including animal identiti
sexes, parentage, locations, and event dates such as births, deaths, and tramsfers. M
managed species have a long captive history and studbook data are used as a starting
point to look at the effects of management on actual populations instead of hypgthetical
more idealized ones. | chose to use studbooks from: adddax nasomaculatys
(Spevak, 2009), maned wolEkrysocyon brachyurygHolland, 2010), Humboldt
penguin §pheniscus humboldl{iBrandt, 2009), swift fox\(ulpes velok(Shotola 2010),
lesser flamingoRhoeniconaias mingr(Conrad, 2009), and Przewalski’'s horEgjus
ferus przewalsKji(Powell, 2008).

| chose these six species because they had different levels of gene dagersity
well as varied life-history and population level characteristics (Tgbl& @ calculate

MK values, | also imported the kinship matrix of living animals created fram t
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Figure 13. Primary Components of the Simulation. Parameters include studbook data
such as population size, sex, parentage, age, location, kinship, age of first and last
reproduction and stage-based mortalities; they also include percentagghk dfkdand
Low MK breeders.
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Table7. Genetic and demographic parameters of studbooks used in the model. GD is

the gene diversity

Years First Annual Annual
Starting| Repro- | Carrying | Year Repro-Age | Post-Repro

Species GD ductive | Capacity| Mortality | Mortality Mortality
Addax 0.884 13 200 0.25 0.08 0.25
Maned
Wolf 0.930 8 100 0.50 0.05 0.53
Humboldt
Penguin 0.986 23 325 0.33 0.06 0.20
Swift Fox 0.940 6 80 0.20 0.04 0.15
Lesser
Flamingo 0.999 37 525 0.40 0.08 0.30
Przewalski's
Horse 0.785 19 125 0.15 0.06 0.22
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studbook using PM2000 (Pollak, Lacy & Ballou, 2005). The simulation used annual sex
and stage specific fecundity and mortality rates for each speciesatadtctrbom life-table
analyses of the studbooks also using PM2000 (Table 7). Because the number of
offspring could affect the impact of breeding recommendations, | looked at low (1
offspring per pairing), medium (4 offspring per pairing) and high (8 offsgrérgpairing)
clutch/litter sizes for each species. In actuality, addax, Humboldt pengsser |
flamingoes, and Przewalski’s horses would usually have one offspring, and maned
wolves and swift fox would usually have four pups per litter. None of the speciak teste
would have eight offspring, but this variable was included to help with comparisons for
group-managed species which are often highly fecund.

Each population was modeled as a single, large population. Each year enough
animals were bred to attempt to reach or maintain the population at carryautga
(Table 7). The number of offspring needed was determined by subtracting e curr
population or subpopulation size from the carrying capacity, and then adding the number
of currently living animals that were expected to experience morthliing the time-
step. If an insufficient number of animals was available to make the numbersof pa
needed, the maximum number of pairs possible was used instead.

Individuals were paired according to a specified breeding scheme (Tabid 8)
produced a specified number of offspring per pairing (1, 4, or 8). Offspring had a 50%
chance of being either male or female. The kinship matrix was updated aftengffsp
were produced, animals were aged one time-step (one year), and expestageebased
mortality (Table 7). MK values were calculated for all living animakhatbeginning of

each year from the kinship matrix. At year 100, gene diversity was caldwaatthe
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proportional gene diversity (GD), which was 1™— mkhere mkwas the average mean
kinship in the population in year 100 (Ballou and Lacy 1995). Each simulation was run
1000 times using a different random number seed to select breeders. | did not include
selection, mutation, immigration or emigration in the models.

The breeding schemes were based on two factors: 1) the percentage of pairs with
High MK which were_guarantedateeding success; and 2) the likelihadgbairs with
Low MK to be successful breeders. | varied the percentage of guaranteedfsiicces
breeding pairs from 0%, to 10%, 20% 30% and 40%, and the likelihood of successful
Low MK pairs from 100% to 90%, 80% and 70% (Table 8). These ranges were chosen to
correspond roughly with the rates that are seen of these kinds of pairingsain act
breeding programs. These rates were used as follows. Once the number ofgo#isgri
pairs was determined (see above), the number of High MK guaranteed bredgers to
used was calculated based on the percentage to be modeled in the particular. scenari
This number of pairs was then randomly selected from animals with MK values above
the average (High MK) to produce offspring. For example in a species witir sitrte
of 1, if 20 successful pairs were needed, and the proportion of High MK breeders being
modeled was 0.10, then two High MK pairs were selected to produce offspring. If the
scenario being modeled specified 0% probability of High MK breeding sycuesigh
MK pairs were selected, and only Low MK pairs bred (see below). If thee o
enough reproductive animals in the population to produce the recommended number of
pairs, the 0.10 was applied to the number of pairs that was possible. In this example, the
percentage results in a whole number; when it was not, the number was rounded up to the

nearest whole. Once selected, a High MK pair was always successful.
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After the High MK offspring were produced, the number of remaining pairs
needed to reach carrying capacity was then selected using animalsenatvést MK
values. Similar to the High MK pairs, the numbers of pairs needed were based on the
size of the population (with the High MK births added) relative to its target population
size. The likelihood of a Low MK pair successfully producing an offspringb&aed on
the scenario being modeled (Table 8). For example, if a value of .9 was beingdnodele
the pair with the lowest MKs would be selected, but would have only a 90% chance of
producing an offspring. If, by chance, they did not produce an offspring, the next lowes
pair would be selected, and would have the same probability of success. This process
was repeated until the number of desired offspring was produced. If there were not
enough animals remaining to make the required number of Low MK pairs, thenamaxi
number of pairs possible was made.

Overall the model ran 450 different scenarios. Each scenario differed with
respect to the proportion of High MK pairings, the proportion of success of Low MK
pairings, and the number of offspring produced per pair, for each of the six species
included. The gene diversity for each of these scenarios was then cdlasldte gene
diversity at year 100 averaged across all 1000 simulations.

Multiple regression was used to determine the relative contribution of the
different MK strategies, as well as the effect of different liféemscharacteristics, on
the retention of genetic diversity. The dependent variables initiallycdxenesl for
inclusion in the model were: number of offspring produced per pair, the proportion of
pairs that were overrepresented High MK pairs, the success rate faiKquairs, initial

gene diversity (GB), first-year mortality, adult mortality, and number of years a species
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Table 8. Variables for proportions of High MK pairings and success rates for Low MK
pairings.

Proportion High MK Proportion Low MK
Pairings Success

0 1.0

A 0.9

2 0.8

3 0.7

A4 0.6
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was reproductive. In addition to these main effects, the biologically impantardction
of mortality rates and number of offspring was considered, as well aséhaciian
between High and Low MK pairings.

The independent variable was gene diversity retained for any givearsce
relative to that of the best (ideal) scenario for each species. | ddimeteal scenario as
the scenario using 0% High MK pairings and 100% success rate fo Low MK pairing
with one offspring per pairing. Thus, for my independent variable, | calculated the
change in GD from that of the ideal:

GD Change = GRy, ideal scenaric- GDioo, scenario i
where GDoo, 1eal scenariéS the gene diversity after 100 years of breeding in the scenario
where no High MK (above the population’s average MK) pairs are selected drmithe
MK pairings have a 100% breeding success rate and one offspring per paiDand G
scenario iIS the gene diversity after 100 years of breeding in the each io$tkearios
where the proportion of High MK pairs selected for breeding is greaerGland the
proportion of Low MK pairs breeding success is less than 100%, and the number of
offspring per pair vary.

All independent variables were initially included in the model, then | used the
regression analysis and stepwise selection to refine the model to includeasaly t
variables and interactions that were important. For the stepwise process, the forval
inclusion was 0.05 (all variables left in the model were significant at the €. le
used SAS Software (Version 9.2) for the multiple regression (SAS Instit@002-

2008).
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Results

| examined the results of the stochastic simulation model by looking at the
average GD value of 1,000 iterations of each breeding scenario after 100 years of
management. The simulations varied as different random numbers were used to select
breeders in each iteration. | found that, over the 450 simulations | tested, @r@eslin
represented (High MK) animals and decreasing the breeding succesisLaie MK
animals both had negative impacts on GD in the population after 100 years. Although all
populations showed this trend, the regression models that had the best fit were those
developed by separating the data taxonomically, into non-canid and canid groups. Non
canid groups are comprised of data from the ungulate (addax, Przewalsle)sadrmats
avian (flamingo, Humboldt penguin) populations. Canid groups are comprised of data
from the maned wolf and swift fox populations. The canid species were demodigphica
different from the others in that they have a very short reproductive tenusaréfgr
maned wolf, 6 years for swift fox) combined with a small captive carryapgaty (K =
100 for maned wolf, 80 for swift fox) (Table 7).

The regression analysis of the ungulate and avian species had an R-squared val
of .814 and adjusted R-squared of .809 (Table 9). My data showed that the impact on GD
of overrepresented pairings (High MK) was almost four times that of dewyehs
success of good pairings (Low MK). For every ten percent increase nejnesented
pairings, there was a .031 percent decrease in GD relative to that of thenumadiged
population (Table 9). However, for every ten percent increase in the breedingssofcce

Low MK pairs, there was only a .008 percent increase in GD (Table 9). The number is a
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Table9. Regression output for ungulate and avian populations. R-squared value is
0.814, adjusted R-squared value is 0.809.

Coefficient | StandarcError P-value
Intercept 0.023 0.013 0.057
# Offspring 0.005 0.000 0.000
Overrepresented 0.031 0.002 0.000
MK Success -0.008 0.002 0.000
GDO -0.033 0.018 0.071
Years Reproductive 0.000 0.000 0.917
1°-Year Mortality 0.029 0.020 0.148
# Offspring*T-Year -0.014 0.001 0.000
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negative value because the dependent variable is GDCHANGE and, as breedisg succe
increases, the difference from the ideal GD gets smaller. Incgghgimumber of
offspring, the reproductive tenure, and the first-year mortality each dece&Eagom

that of the ideal. Increasing the GD of the starting population had a positive mnpact
GD, as did the interaction between number of offspring and first year mortalitg.p-T
values for GI, reproductive life-span, and first-year mortality were all above .05,
suggesting that the difference can be explained by random variability at the 95%
confidence level. The values for the reproductive life-span are both sédliydacge

(.917) and practically small (.000) so the effect can be considered unimportant to
management. G{and first-year mortality have p-values of .071 and .148, respectively,
but their practical impacts are of interest. Every additional percent of €&DQs in a

.033 increase in GD, and every additional percent in infant mortality results in a .029
decrease in GD.

A regression analysis of the canid species had an R-squared value of .914 and an
adjusted R-squared value of .906 (Table 10). My data showed that the impact on GD
Change of overrepresented pairings (High MK) was slightly less thampaei of a
decrease in the percentage of low MK success. For every ten percent increase |
overrepresented pairings (High MK), there was a .050 percent decréaBefriom that
of the ideally managed population. As the breeding success of MK pairs incredsad by
percent, there was a .090 percent increase in GD. Increasing the number afgpffspri
negatively affected GD. We also tested the impact of the two differewt species,
with the maned wolf having higher GD than the swift fox, as would be expected given

the wolf's longer reproductive life-span and larger carrying capétable 10).
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Table 10. Regression output for canid populations. R-squared value is 0.914, adjusted
R-squared value is .906.

Coefficients Standard Error P-value
Intercept 0.053 0.033 0.112
Canid 0.019 0.027 0.491
# Offspring 0.016 0.005 0.001
Overrepresented 0.050 0.095 0.595
MK Success -0.090 0.038 0.021
Canid*# Offspring -0.019 0.001 0.000
Canid*Overrepresented -0.092 0.024 0.000
Canid*MK Success 0.021 0.030 0.482
#
Offspring*Overrepresented 0.018 0.004 0.000
# Offspring*MK Success 0.003 0.005 0.528
Overrepresented*MK
Success 0.014 .108 0.894
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In addition to looking at the regression analyses to determine the proportional and
directional impact each of the variable had on the population, I also looked at the result
from the model to determine the impact of overrepresented pairings and MKssocces
the studbook populations as they would be managed. Table 11 shows the change in GD
for each population. Because my goal was to assess impact on each population, | include
results where the number of offsping equals the number of offspring theses speaie
actually have. Table 11 shows the results for the ungulate and avian species, which
would have one offspring per clutch/litter, and for the canid species which woulé have
litter size of four.

Discussion

A genetic management strategy is robust if it is capable of retaininggenet
diversity even when reproductive pairings include less-than-ideal gemagithes. In
captive populations, these types of imperfect pairings include those of giietica
overrepresented individuals who have High MK values, as well as those who have
kinship values below the average MK, but not the absolute lowest. My results show that
both of those realities impact GD over time and that the type of species beiagetian
affects that impact as well as the robustness of an MK-based breediegystrat

Ungulate and Avian Species

The ungulate and bird species | examined revealed that the proportion of High
MK and Low MK breeding successes had an impact on GD. Overrepresented pairings
(High MK) had a greater impact on GD than did a decrease in the breediegssatc
Low MK pairings. Overrepresented breeders help to reduce GD by contributiagpmor

their already overrepresented alleles to the population. Their impact is iecdpyithe
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TABLE 11. Maximum change in GD for each studbook species. Maximum change for
all species occurred with 8 offspring. Change was that as compared to the ideal MK

based management (0% overrepresented pairs; 100% breeding success fd€ Low M
recommended pairs).

# Offpsring per | Max GD Change (8 @ GD Change
Species Litter/Clutch Offspring) Actual Offspring
Addax 1 .036 .015
Humboldt Penguin 1 .017 .006
Lesser Flamingo 1 .009 .004
Przewalski's Horse | 1 .045 .015
Swift Fox 4 210 .104
Maned Wolf 4 .068 .031
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set carrying capacity because the success of High MK pairings timithumber of Low
MK pairings that can occur.

A breeding scheme using MK values is robust for these four studbook species.
After 100 years, the maximum GD difference in the worst case scenariocofd0%
overrepresented pairings; 60% success rate low MK pairings; 8 offsgwig) for
addax and Przewalski’'s horse. After 100 years, the maximum GD differencesambke
worst case scenario for Humboldt penguin is .017, and for lesser flamingo it is .004
(Table 11). In a real management situation, these species would have only omegoffspr
and not eight. In this case, the biggest drop in GD would be .015 for addax and
Przewalski's horse, .006 for Humboldt penguin, and .004 for flamingo (Table 11).

The model also shows that, although the number of offspring and first-year
mortality both have a negative impact on GD as they increase, the interaatoof t
between the two has a positive impact. Increasing the number of offspring per
clutch/litter gives fewer individuals an opportunity to breed. This keeps the population
within the set carrying capacity. If the “wrong” individuals breeds (eres that are
overrepresented), this limits the number of recommended pairings. Ifdhgdar
mortality rate is high, more births are needed to maintain the set populatiqrglews)
more individuals (who are randomly selected) an opportunity to breed. This incheases t
likelihood that their alleles will be passed on.

My advice to managers is that it is better to direct efforts into preventing
overrepresented pairings. If these specific species are beingedamging MK values,
producing only one offspring per pairing, the population can withstand the vagaries of th

animals and institutions. The detrimental effects of poor management enaridashe
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number of offspring per pairing. If a species with these population chastctehas a
clutch/litter size of eight offspring, the impacts over 100 years would be sigmiéicant
and managers would need to make more of an effort to address them.
Canid Species

The maned wolf and swift fox populations | examined had short reproductive
lifespans (8 and 6 years respectively) and small population sizes (100 and 80 individuals
respectively). The result of these population characteristics is a highever in the
breeding population and individuals with fewer reproductive years to rectfyHan
ideal pairings. An extreme example is a semelparous species whdmntlar did not
breed in one year, its genes would be forever lost to the population. In these populations
| could not analyze Low MK pairings with a .6 success rate. Because the mfmber
breeding individuals was limited, this impact of the model given this factotonrasluce
the population size to well below the carrying capacity. When this happened, the drop in
GD was more influenced by a decrease in N rather than a decrease in nertagem
success.

In the canid populations, an MK-based strategy was less able to withstand the
impacts of less rigorous management. Every ten percent increase in @gemegut
(OVER) pairings with High MK resulted in a .055 percent decrease in GD frdroftha
the ideal. Reducing the breeding success of Low MK pairs had a bigger impact on the
population, with a .090% decrease in GD for every ten percent decrease in success.
However, the p-value for OVER was .595, indicating that the slope of the regression line

was close to 0. The impacts of both are greater than those in the non-canid population.
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The class variable DOG was added to this population to discern the impacts of
each species. This is different from the non-canid populations, where population
variables such as GDO, YRSREPRO, and 1IMORT helped determine the impacts of
different populations. Using these variables for the canid data resultecbitieh with a
poor fit. The difference between maned wolf and swift fox was a decreaseoh.GI®
percent. The p-value for this variable was high, at .491.

Increasing the number of offspring (NOFF) negatively affected GD. The
direction of the impact is the same as in non-canid species, although it isnfa®e t
larger (.005 in non-canids compared to .016 in canids). This is of special importance
because small carnivore species such as this tend to have multiple offsptitigrper
Interactions between variables had much more of an impact on this population (Table
10).

The ability of an MK-based breeding scheme can be compromised in these
species if the top recommended pairings do not occur. After 100 years, the maximum
GD difference in the worst case scenario (40% of overrepresented paibdfgsuccess
rate low MK pairings; 8 offspring) is a .068 for maned wolf. After 100 year, the
maximum GD difference in the same worst case scenario for swift fox is .2 E0redal
management situation, these species would have four offspring, and not eight. In this
case, the biggest drop in GD would be .031 for maned wolf and .104 for swift fox (Table
11).

My advice to managers is that it is important to direct efforts at both preventing
overrepresented pairings and ensuring that the best recommended pasroeger@ined

by MK) occur. These types of small populations with higher turnover rate aee mor
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impacted by these types of weak pairing than the non-canid populations hegami
Increasing the number of offspring per pairing increases the detriraéfietat of poor
management, which is especially important in species with large laes. si

Group Management

The captive populations of the species | examined are all programs that are
nationally managed by the AZA. As such, each has a studbook and each is managed by
using a MK value to recommend individual pairings. In a survey (Smith 2008) of all of
AZA’'s SSPs and PMPs to evaluate the need for group management in captivenprogra
the program leaders for each of these species indicated that it would be prédehnablie
a group management option available to them. Group management was preferred
because it would facilitate the ability of institutions to maintain speciEsge groups
with a natural social structure (addax, Przewalski's horse, lessendi@rand/or to
allow for mate choice to occur (addax, Przewalski’'s horse, lesser flapawgt fox,
maned wolf, Humboldt penguin).

A study by Smith et al. (this paper) showed that there is a genetic impact to
managing animals as groups instead of as individuals (using MK values topeake s
breeding pairs on an animal by animal basis). The decision to manage a apecie
group will be based on that cost, relative to other costs and benefits. In the case of
Addax, | found that if | used a 50% MK/50% Group management strategy, then the
decrease in GD would be 2.6 percent after 100 years. This is compared to an ideal MK-
based management strategy where the best (lowest-MK) breeding recdatiomes
occur and no overrepresented pairs produce offspring. If they are not breeding in this

ideal fashion, the cost might be less, and allowing for some group manageaydn¢ a
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more feasible option. In this study, | found that weak management could drop GD by 1.5
percent. This reduces the cost by more than half. The AZA Population Management
Center is currently studying the outcomes of breeding and transfer recommesdati

made through AZA SSPs and PMPs. | recommend that managers include breeding

success levels as part of their cost/benefit analysis for group nnaeatge
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