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relatedness estimators

Conservation breeding programmes often rely on intensive genetic management of the captive
population. However, the relatedness between individuals and individual mean kinship are often
estimated based on pedigree records, which are frequently incomplete or unreliable. Depending on
the quality of a studbook (e.g. expressed as percentage of pedigree known), molecular information can
substantially improve knowledge of a population, and therefore contribute to improving the retention
of genetic diversity in each generation. As the use of molecular data has been largely under-utilised,
this review aims to provide information on the various types of genetic markers that can be used,
the estimation of (DNA based) relatedness and pedigrees, their integration in studbooks, the use of
molecular information in breeding pair selection, hybridisation issues and population management in
general. We discuss recent developments in methodology (e.g. next generation sequencing), theoretical
considerations, and software that can aid conservation breeders in each phase of the programme from
the founding phase to the (potential) reintroduction, each clarified by various examples from recent
literature. Special attention is given to group-managed populations, for which it is difficult to control
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mating and reconstruct pedigrees as individuals cannot be isolated for management.

Conservation breeding programmes

An increasing number of species are in danger of extinction
because of loss of natural habitat, poaching or other, mainly
anthropogenic, impacts (Frankham et al. 2010). Largely
through conservation breeding programmes, zoos and aquaria
have contributed to conservation by reintroduction to the wild,
research, fund raising and raising public awareness (Frankham
et al. 2010; Lacy 2012). A successful example is the captive
European bison (Bison bonasus), at one time extinct in the wild,
whose captive population grew from seven to 1800 individuals,
of which many were successfully reintroduced (Tokarska et al.
2009).

For reintroduction to be successful, the wild population
should become self-sustaining in the long term (Frankham et
al. 2010). A sustainable population requires sufficient genetic
diversity; less genetically diverse populations may suffer from
inbreeding depression and reduced ability to adapt (Allendorf
etal.2010; Witzenberger and Hochkirch 2011). Since a decrease
in population fitness can lead to reduced genetic diversity via
demographic instability, this interaction can force a population
into a downward spiral towards extinction (Frankham et al.
2010).

Unfortunately, captive conservation populations typically
suffer from two limitations: they are small, and they are
descended from few founders (Leberg and Firmin 2008),
meaning there is relatively little genetic diversity to start with.
Part of this diversity will be lost each generation because of
random genetic drift, which is the dominant genetic process in
small isolated populations.

Another problem is that the evolutionary force of selection
can act on different traits and in different directions in captivity
thanitdoesinaspecies’ natural habitat; e.g. individuals carrying
alleles that confer more ‘docile’ behaviour may have relatively
high fitness in captivity but low fitness in the wild. Adaption
to captivity has already been observed after one generation
within a steelhead (Oncorhynchus mykiss) hatchery; the most
successful individuals in captivity were the least successful in
the wild (Christie et al. 2012).

To be sustainable and meet conservation goals, captive
populations require genetic management. An important part of
this management is the breeding phase. Generally, this consists
of selecting breeding pairs and exchanging animals with other
institutions. Traditionally, management is based on studbooks.
Pedigrees recorded in studbooks are used to calculate the
relatedness between individuals and from these values each
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Box 1. Genetic markers

Genetic markers are used to measure allelic variation at a given
locus (Selkoe and Toonen 2006). Since funds for conservation
programmes are very limited, it is desirable to keep analysis costs
low (Bomcke et al. 2011; Witzenberger & Hochkirch, 2011). This
can be done by selecting the appropriate number of markers and
individuals to answer specific research questions; software such
as SPOTG can aid in this process (Hoban et al. 2013a). More
statistical power to estimate, for example, relatedness, is obtained
when markers are used that measure motre variable loci, that are
evenly divided over the genome and not in linkage disequilibrium
(Bomcke and Gengler 2009). Linkage disequilibrium is the process
whereby two loci are more likely to be transmitted to offspring as
a pair than other loci; for instance, with complete linkage they are
just as informative as one locus (Selkoe and Toonen 2006).

The most commonly used markers measure microsatellites:
tandem repeats of short DNA sequences found on the non-coding
region of the genome. Alleles differ in size; repeat sequences are
easily inserted or deleted due to ‘slippage’ in DNA replication
causing microsatellite loci to be highly variable in length. Benefits
are that the development of specific primers is relatively easy
(Schoebel et al. 2013) and they provide high statistical power per
locus (Witzenberger and Hochkirch 2011).

A single nucleotide polymorphism (SNP) is a single base-
pair mutation (e.g. C—T) that can be detected with techniques
including sequencing, allele-specific PCR or SNP chips (Frankham
et al. 2010). The advantages of SNPs over microsatellites are that

they canmoreeasily amplify degraded DNA (e.g. museum specimens)
due to their shorter target sequence (Allendorf et al. 2010) and
they are more useful in parentage analysis when dealing with
highly bottlenecked/inbred species, which often have low
microsatellite heterozygosity, a common situation in conservation
populations (Tokarska et al. 2009). A downside is that many more
SNPs are required to acquire the same power as microsatellites.

Analysis of SNPs through chips is relatively inexpensive
compared to microsatellites (Tokarska et al. 2009). However,
equipment costs ate high and development is more costly
(Allendorf et al. 2010). Therefore, SNP chips are currently more
attractive in species for which genotyping systems already exist but
will otherwise take more effort than microsatellites (Frankham et
al. 2010).

Next generation sequencing (NGS) allows sequencing of large
sections of DNA, up to the entire genome. It may be possible to
sequence the entire genome of a population within a reasonable
time and budget in the near future (Allendorf et al. 2011). A
weakness of NGS is that it is computationally very demanding
due to the huge amount of data that is collected (Allendorf et
al. 2010). For directly estimating relatedness, the added value of
NGS is questionable, since the total sequence of DNA is no more
informative than the number of non-linked SNPs it contains; a
large number of markers can achieve the same accuracy (Jones and
Wang 2010a). For the development of markers, though, it is very
useful (Schoebel et al. 2013).

individual’s mean kinship (MK) is calculated. MK is defined as the
average coefficient of kinship in the population (Ballou & Foose
1995). Individuals are prioritized for breeding based on low MK; in
this way founder representation is equalised and the risk of losing
unique alleles due to genetic drift is minimised. Simultaneously,
this strategy minimises the average increase in inbreeding.

A second type of information is becoming increasingly more
accessible: molecular (DNA) information (Abdelkrim et al. 2009).
Essentially, molecular markers (Box 1) can measure the specific
alleles carried by an entity. This entity can be a chromosome,
individual, population, species, etc. This allows for more subtle
management through genetic comparisons. For instance, it
can assess the relatedness of two individuals compared to
the rest of the population. This review will focus on the use of
molecular information within the framework of a conservation
breeding programme, with emphasis on producing breeding
recommendations. Insights gained from modern methods in
commercial animal breeding are also discussed.

Estimating relatedness and improving/reconstructing
pedigrees

Molecular data can be used to determine the identities of
animals with unknown ancestry and correct errors in the
studbook (Witzenberger and Hochkirch 2011). First of all,
molecular data should be checked for genotype-errors (see
supplementary material; www.jzar.org) and then compared with
the known pedigree to determine inconsistencies. The program
GENOTYPECHECKER assigns probabilities to these inconsistencies,
allowing the user to decide whether this is caused by genotyping
errors or incorrectly recorded pedigrees (Paterson and Law 2011).
For example, analysis of 13 captive Parma wallabies (Macropus
parma) shows that two dams had been wrongly recorded (lvy et
al. 2009).
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Second, molecular data can be used to determine the
relationships of individuals with unknown ancestry. Note that
there is a difference between the relatedness of a pair and their
relationship; a relationship is categorical (e.g. full siblings), while
a relatedness value is continuous (e.g. 0.25). Of the multiple
definitions of relatedness used in the literature, MKs are normally
based on the coefficient of kinship: the probability that an allele
chosen randomly in one individual is identical to the allele chosen
randomly in another individual, and that these alleles are identical
by descent (Malécot 1948). It isimportant to know which definition
is used to prevent comparing the coefficient of kinship with, for
instance, Wright’s (1922) coefficient, which is twice as high.

Which relatedness estimator will perform best will differ
according to the situation because estimator quality depends
on many factors. Examples are the quality of genetic and other
information, the actual relatedness between individuals and
populationstructure (Blouin2003;Wang2011). Thebestperforming
estimator is said to be the one with the lowest sampling variance
for the greatest number of relationship categories. For instance, all
sibling relationships should be assigned similar relatedness values.
The program COANCESTRY is able to select the best performing
estimator for each data set based on simulations (Wang 2011).
When estimating relatedness from molecular data, a challenge
is to discriminate between alleles that are identical by descent
(IBD) and those that are identical by state (IBS). IBS alleles will be
identical because of homologous mutations or because there is no
allelic variation on that locus. When IBS alleles are not corrected
for, a positive value of relatedness will be produced whenever a
pair contains one identical allele (Jones et al. 2002).

Relatedness estimators attempt to adjust for the alleles that are
IBS and weigh alleles for the information they provide by using
the available information on allele frequencies in the population
(Oliehoek et al. 2006). On the extreme side, a locus is not used to
estimate relatedness when no variation has been observed on it.
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When relatedness is based exclusively on the allelic resemblance of
two individuals, corrected for the known allele frequencies in the
population, it is called a moment estimator. From this information
the most likely relationship category for a pair (e.g. half-siblings)
can be determined and with sufficient data the pedigree can be
reconstructed. Note that estimates of relatedness/relationship
and inbreeding are made through comparisons relative to others.
Ideally these are guaranteed unrelated individuals (Witzenberger
and Hochkirch 2011). Otherwise, these estimates are too
optimistic in bottlenecked populations or inaccurate when there
is little variation in the population (Henkel et al. 2012; Santure
et al. 2010; see also limitations below under ‘Breeding based on
molecular information alone’).

Often there is more information available than molecular
data alone, such as putative relationships. Tests are developed
to compare and combine these, and other available data such
as social and geographical distance, with molecular data to
determine the likelihood of a certain relationship category. These
are known as maximum likelihood (ML) tests (Bink et al. 2008).
By limiting the possible relations with, for example, incompatible
ages, the statistical power of these tests increases (Ford et al.
2011). The statistical power of ML tests may also be increased by
fitting the most logical pedigree for multiple individuals at once,
preventing conflicting relationships. For multiple parenthoods this
may be done using CERVUS (Kalinowski et al. 2007). The likelihood
of an entire pedigree can also be determined as implemented in
the software COLONY (Jones and Wang 2010b; Wang and Santure
2009). The power of likelihood tests increases in populations
that are more related and contain more known or excluded
relationships (Wang and Santure 2009).

In the Parma wallaby population discussed previously, the
unknown pedigree of seven individuals was resolved using
markers. Even for two individuals whose unknown ancestry
remained unresolved, relatedness analysis provided useful
information; they appeared to be related at the full sibling level,
indicating that these lines will produce inbred pairings and are not
genetically unique (lvy et al. 2009).

In most pedigrees founder relationships will be missing. This
oftenresultsintheassumptionthatfoundersare unrelated. Instead,
molecular markers can be used to determine founder relatedness
in retrospect by molecular analysis of their offspring (lvy et al.
2009). Of course, better results are obtained if high quality DNA is
still available from living founders or from preserved specimens in
museums or zoo archives (recommended). The assumption of zero
founder relatedness can be replaced by a relatedness estimate of
one estimator or by developing a hypothetical pedigree. For the
latter, the software MOL COANC is useful (Fernandez and Toro
2006).

An interesting, robust method has been proposed for the
breeding management of a highly inbred population of Mississippi
sandhill cranes (Grus canadensis pulla) that uses multiple
estimators of founder relatedness (Henkel et al. 2011). In this
method, the studbook is first corrected for gaps and errors using
DNA analysis. Second, three different studbooks are made in
which only the values of founder relatedness differ: (1) founders
are assumed unrelated; (2) founder relatedness is based on
allelic similarity, which is the uncalibrated proportion of alleles
shared; (3) founder relatedness is estimated with G&Q’s moment-
estimator (Goodnight & Queller 2002). From these studbooks,
three different values of MK can also be produced for each
individual. Breeding priority is then given to individuals for which
all three MK values are lower than the average MK calculated for
its respective studbook because all three values provide different
information; zero founder relatedness MK gives a qualitative
estimate of the part of the genome not measured by molecular
markers, while allelic similarity MK indicates how rare the alleles
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Figure 1. Pedigree reconstruction and integration with molecular data.
Flowchart summarising each step from preparatory phase (top) to breeding
recommendations.

carried by an individual are and breeding pairs are made based on
similar Q&G’s MK.

Because the default assumption in breeding programmes is zero
founder relatedness, the effect of knowing this value increases
with increasing founder relatedness. When relatedness is very
low, it will not affect management at all (Rudnick and Lacy 2008).
A simulation of the captive Parma wallaby population shows that
implementing the (low) founder relatedness in management
hardly influences the genetic diversity maintained over 100 years
(lvy et al. 2009).

Breeding based on molecular information alone

A relatively complete pedigree may give better estimates of
relatedness than molecular analysis using up to 100 microsatellite
markers, even without taking into account biases caused by
genotyping errors, mutations and sampling errors for allele
frequencies (Baumung and Solkner 2003; Fernandez et al. 2005).
However, with the development of SNP-chips and NGS (see Box 1),
the accuracy of molecular data has greatly improved (Allendorf et
al. 2010). Furthermore, while pedigree-based relatedness assumes
no variation in inheritance, in reality there is such variation due
to random inheritance and linkage (Engelsma et al. 2011). For
example, the relatedness between full siblings in a zebra-finch
(Taeniopygia guttata) population, analysed with a genome-wide
array of markers, had a standard error of 20% (Santure et al.
2010). In other words, for determining the relationship (e.g. full
or half sibling) pairwise molecular data will often be inaccurate,
but for determining relatedness (e.g. 27% of alleles identical by
descent) molecular data can give more accuracy than pedigrees
can achieve, on condition that the molecular data is sufficiently
comprehensive (de Cara et al. 2011). Based on more accurate
relatedness values, a greater amount of genetic diversity can
theoretically be maintained (de Cara et al. 2011; Henkel et al.
2011). Whether marker-based management can also achieve lower
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levels of inbreeding (depression), though, is still debated (de Cara
et al. 2011; Santure et al. 2010; Townsend and Jamieson 2013).
Molecular analysis allows for tracking specific alleles in the
population and so can be used to prevent unique alleles from being
lost from the population (de Cara et al. 2011; Jones et al. 2002).
There is a risk associated with blindly equalising allele frequencies,
however. Some alleles will be rare because they are deleterious and
for some alleles the population’s fitness will be optimal at a non-
equal frequency (Charlesworth and Charlesworth 2012; lvy and
Lacy 2010). The chances of success of a reintroduced population
will be highest with certain allele frequencies best adapted to that
environment, such as that of the historical population (Miller et al.
2010). Molecular analysis and the method of Saura et al. (2008)
allows the determination of the offspring each individual should
leave to the next generation in order to maintain allele frequency
distribution at each locus as close as possible to a certain
distribution, while simultaneously maintaining acceptable levels
of genetic diversity. However, even if historical frequencies can
be retrieved, this method is hazardous: genetics in endangered
populations are usually more subjected to genetic drift than
selection and the habitat of a species is likely to have changed
since their capture (Frankham et al. 2010). The safest strategy may
therefore simply be to equalise allele-frequencies and so minimise
the chance of losing alleles (Miller et al. 2010).

Integrating pedigree and molecular information

Pedigree and molecular relatedness are different types of
information. Pedigrees give theoretical information on relatedness
over the entire genome while molecular data give empirical
evidence on specific parts of the genome. In other words, they
give values of relatedness for different parts of the genome and
information is lost when both sources are available but only one
is used. When combining these two values it is important that the
same definition of relatedness is used (preferably the coefficient
of kinship; Malécot 1948). Also, if a combined value of pedigree
and molecular relatedness is calculated as the average of the
two, information will be lost due to unequal accuracy of the two
coefficients. Instead, the two values can be weighted for the
information that they provide (Bomcke and Gengler 2009; B6mcke
et al. 2011; Fernandez et al. 2012).

A relatively simple method is described by Fernandez et al.
(2012); pedigrees and molecular information are given relative
weights of 10 and 1 respectively. The added power of molecular
markers in this study is used to discriminate between two equally
related mates, based on the pedigree (e.g. full siblings), of which
one has a lower degree of molecular relatedness. The weight
attributed to markers and pedigrees, however, can be made
more fit to the situation; Bomcke and Gengler’s (2009) method
weights pedigree data by the depth of the pedigree (number of
known generations and missing parentage in these generations),
and weights molecular data by the number of unlinked markers
and their polymorphism information content (PIC; useful
software: CERVUS, Kalinowski et al. 2007). The PIC value is based
on the number of polymorphisms of a certain marker and their
distribution in the population. After weighting, the average of
the molecular and pedigree coefficients is then the relatedness
between two individuals and breeding pairs can be selected based
on these values.

Bomcke et al. (2011) use a different approach: molecular
markers only give relatedness information on the parts of
the genome in linkage disequilibrium with the markers used,
therefore molecular data is given a weight that is relative to
the proportion of the genome that the markers measure. This
proportion is determined through simulation as the power of a set
of molecular markers to predict the pedigree. For the unmeasured
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part of the genome, (incomplete) pedigree data can be used to
determine its theoretical relatedness. Again, simulations can be
used to determine the power of an incomplete pedigree to predict
the actual pedigree. These measures can then be combined into
one value using these two weights. A method to fit in individuals
for whom only pedigree data is available is also provided.
When using these methods it is important to be aware that
estimates will still in practice be based on one parameter if
the quality of either pedigree or molecular data is relatively
low (Bomcke et al. 2011; Bomcke and Gengler 2009).
For new integration methods, it may be useful to weigh the
relative value of molecular information using software KININFOR
(Wang 2006), which uses four measurements of information value
for each molecular marker. In addition, this software enables
the statistical power of a relatedness analysis to be tested for.
The program PMx may be used to determine population genetic
parameters, and so produce breeding recommendations (Lacy et
al. 2012). It provides the option to combine the pedigree-based
relatedness matrix with a molecular (empirical) based matrix, using
a chosen weight. A new relatedness matrix can also be inserted
directly. For a summary of the steps described above for the use of
molecular data for breeding recommendations, see Figure 1.

The methods proposed by Bémcke and Gengler (2009), Bomcke
et al. (2011) and Fernandez et al. (2012) for integrating molecular
data with studbook data are superior over methods that simply
reconstruct the pedigree because they use more of the available
information. Nevertheless, further improvement may be possible
in the future; management methods minimising the population’s
MK do not discriminate between adaptive variation and neutral
variation (Marsden et al. 2013). Traditional molecular markers
(e.g. microsatellites) measure neutral DNA directly, but can also
measure coding DNA indirectly due to linkage disequilibrium.
Novel methods such as NGS (see Box 1) make it possible to
measure coding DNA specifically, which opens doors for research
and possibly also for maintaining diversity at specific adaptive
parts of the genome (Allendorf et al. 2010; Engelsma et al. 2011).

It is questionable, though, whether it is useful to develop
methods focused solely on maintaining adaptive diversity.
Assessing which adaptive variation is important for each species
is likely to require an enormous amount of general and specific
research (Witzenberger and Hochkirch 2011). Furthermore, if
adaptive variation is evenly spread over the genome, it is much
simpler to manage on MK. Nonetheless, there is evidence that
genetic diversity is unevenly divided over the genome, so that it
may be useful to use a strategy that conserves diversity at specific
important regions where it is disappearing (Engelsma et al. 2012).
This can be important for loci where variation has major adaptive
effects. For example, individuals heterozygous for the major
histocompatibility complex (MHC) genes are less susceptible to
diseases than homozygous individuals (Hughes 1991). In addition,
pairs with dissimilar MHC are thought to be more attracted to
each other (Havlicek and Roberts 2009), which could potentially
decrease the number of failed pairings in breeding programmes.
Marsden et al. (2013) used molecular information on the MHC
in combination with information on neutral diversity and the
pedigree to evaluate and improve the breeding programme of
the African wild dog (Lycaon pictus). Results show no significant
difference between the neutral and MHC diversity maintained,
indicating that the MHC is not under selection in captivity. The
authors conclude that MK-based management performs well in
the maintenance of MHC diversity.

Comparable to the identification of adaptive variation is the
identification of deleterious alleles causing diseases (Maher et al.
2012). This information can be used for purging deleterious alleles
from the population: deliberately selecting related breeding pairs
to create inbred offspring. Since offspring with two (recessive)
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deleterious alleles are less likely to survive, this will decrease its
frequency. However, the effects of purging are unpredictable and
will often cause the loss of valuable genetic diversity (de Cara et
al. 2013; Leberg and Firmin 2008; Boakes et al. 2007). Even when
specific carriers are known, excluding these from a small population
is not thought to be worth the loss of genetic diversity (Allendorf
et al. 2010). In addition, much is still unclear on how multiple
deleterious alleles interact (Charlesworth and Willis 2009). Hence,
purging is not recommended, even if individual molecular marker
data are available (Witzenberger and Hochkirch 2011).

Hybridisation

Because founders for a population are often scarce it often
occurs that individuals of different populations are used as
founders (Frankham et al. 2010). This introduces the risk of
crossing different species and so creating hybrids. Even though
hybrids are undesirable, managers should not be overly cautious
about including individuals in their breeding programme. This is
discussed further in the section ‘Conserving the species’ below.
In case of doubt, molecular analysis can assist in determining
if founders are of the same species. In this way, for example,
a Nile crocodile (Crocodylus niloticus) was discovered within
the Philippine crocodile (C. mindorensis) breeding programme
(Hauswaldt et al. 2013).

When a number of individuals in a population carries unwanted
hybrid (exogenous) alleles, simply removing them from the
breeding programme is not recommended because this will
usually cause an undesirable amount of native diversity to be lost
as well (Grobler et al. 2011). Instead, breeding with hybrids can
be continued while artificially selecting against hybrid (exogenous)
alleles. Native individuals can be given relatively higher breeding
priority, based on either studbook or molecular information
(Amador et al. 2011, 2012). In this method, markers outperform
pedigrees if ten or more informative alleles are used that are
private/diagnostic for the conserved species, or if more than 20
alleles are used with a much higher frequency in the conserved
species (Amador et al. 2012).

To identify hybrids, genetic data must be available on
guaranteed pure individuals. In populations with widespread
hybridisation this can cause problems. Complementing genetic
data with morphological data can be a solution, as currently done
for the black wildebeest (Connochaetes gnou). Its wild population
seems to mainly consist of hybrids with the blue wildebeest (C.
taurinus) due to mismanagement in the past (Grobler et al. 2011).
Breeding to obtain certain morphology can also be a conservation
tool in some cases e.g. breeding-back of the auroch (Bos
primigenius, van Vuure 2005). Techniques developed for livestock
breeding can then be of use. Based on a combination of molecular
and pedigree information, Fernandez et al. (2012) achieved a 43%
increase in frequency of a specific trait of interest while only losing
4% genetic diversity on the rest of the genome in an lberian pig
(Sus scrofa domesticus) Dorado strain. Any selection procedure in
a conservation programme, however, needs careful consideration
since levels of genetic diversity are usually already very low.

Group management

Optimal genetic management requires the availability of individual
pedigrees, the ability to breed all individuals and control over
breeding pairs. In reality, however, this is often not the case. A
common restriction is that a captive population is held on several
continents and as a result is managed as multiple sub-populations
with limited migration. The programs PMx and METAPOP are
able to manage these sub-populations separately, while aiming
to maintain genetic diversity for the entire population (Lacy et

al. 2012; Pérez-Figueroa et al. 2008). In the absence of shared
pedigrees, molecular data can be used to determine the kinship
between sub-populations.

For species held as multi-male, multi-female groups, breeding
pairs cannot be controlled and deducing pedigrees is not
feasible (e.g. shoals of fish). As a result, these populations
are managed at the group level, instead of the individual
level. Genetic management for these populations consists
of artificially exchanging individuals between groups.
The genetics of a group change each generation and this change
is not visible to the human eye. Fortunately, molecular analysis
makes it possible to determine the actual loss of diversity
by genetic drift (expressed as the effective population size),
identify selective forces and estimate the reproductive success
of immigrants (Leus et al. 2011; Hasler et al. 2011; Wang 2004).
In this way, relatedness between groups can be determined and
individuals can be exchanged at random or, through the use of
detailed tests, can even be selected on their genetic suitability
(McGreevy et al. 2010; Miller et al. 2010).

When groups are large and fecundity is high, founder
representation can be equalised by selecting a relatively small part
of the population based on molecular kinship to produce the next
generation. Software that can be used includes GENCONT and EVA
(Berg & Nielsen 2006; Meeuwissen 2002).

When continuous molecular analysis in each generation is too
costly, genetic research can facilitate the use of low-intensity
management through models such as Wang’s (2004) migration
model, by providing knowledge of breeding behaviour and
subpopulation structure (Smith 2010).

Conserving the species

At the time of reintroduction, a conservation breeding population
ideally represents 95% of the natural gene-pool and is self-
sustaining (Frankham 2009; Miller et al. 2010).

A breeding programme will not reach these goals if the founder
population was inadequate in the first place. Miller et al’s (2010)
method uses molecular data to select a group of founders that are
representative for a (sub)-species, including all its sub-populations.
However, analyses of a large number of wild individuals are
then required, which will often be unrealistic. It will also often
be unrealistic and unnecessary to set up breeding programmes
for a large number of subspecies (Frankham 2009; Hedrick and
Fredrickson 2009). Instead, conservation actions may best be
aimed at preserving a management unit that is both feasible and
has the greatest conservation impact (Frankham 2009). If the
choice is made to conserve only one sub-species, a combination
of genetic and demographic data can be used to determine the
extinction risk of subspecies and prioritise the need for a captive
breeding programme (FAO 2010; note: developed for breeds of
livestock).

If a choice is made to cross multiple populations, the risk of a
depression of fitness (outbreeding depression) can be estimated
from molecular and ecological information (see the decision tree
of Frankham et al. 2011). It is important to note that significant
genetic differentiation does not necessarily cause outbreeding
depression and that the risk of outbreeding depression will
often be low compared to the risk of inbreeding depression in
endangered species (Frankham et al. 2011; FAO 2010).

Programme coordinators may be convinced that their
programme has started with a large enough proportion of a
species’ genetic diversity and that their programme is adequately
maintaining it. However, without qualitative evaluation of both
the wild and captive population, this conclusion cannot be made
(Witzenberger and Hochkirch 2011). While pedigrees are often
missing for wild populations, samples for DNA analysis can easily
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be extracted from hair and faeces (Oliveira and Gaiotto 2011). This
has already led to a large number of captive breeding programme
evaluations (Gongalves da Silva et al. 2010; McGreevy et al. 2010;
Shen et al. 2009; Tzika et al. 2008). In some studies this did not
lead to any concerns (Gongalves da Silva et al. 2010), but in
others it became apparent that diversity levels were dangerously
low and additional founders from the wild were required; three
out of five groups of yellow-breasted capuchin monkeys (Cebus
xanthosternos) had dangerously low diversity levels (Oliveira and
Gaiotto 2011).

On the other hand, molecular analysis can also reveal a need for
reintroduction due to low genetic diversity of the wild population.
A way to improve the genetic health of both the wild and captive
population is an ‘open’ system with continuous exchange between
the two (Lacy 2012). Such an open system is used for the giant
panda (Ailuropoda melanoleuca), where molecular data showed
that both the captive and wild population were at risk without
genetic exchange (Shen et al. 2009). In this case, molecular
analysis may be used to construct a pedigree covering both the
wild and captive population and individuals can be selected for
exchange that optimises genetic diversity of the species as a whole
(Allendorf et al. 2010).

DNA analysis in zoos and aquaria has so far been restricted by
financial requirements and lack of expertise. Fortunately, these
techniques are becoming increasingly simple and exponentially
more affordable (Allendorf et al. 2010). Zoos and aquaria
currently underestimate the interest of research institutes in
collaboration. Geneticists can benefit from zoo studies through
overlapping research questions and publications. Their research
is often restricted by the number of DNA samples, while zoos and
aquaria can provide these with relative ease, possibly combined
with historical quantitative and medical data. Communication
between breeding programme managers and geneticists is not
only important in discovering opportunities on both sides, but
also in preventing unforeseen restrictions after analysis (Hoban
et al. 2013b). General guidance and case studies for the use of
molecular markers in conservation breeding programs and related
topics can be found on www.ConGRESSgenetics.eu and a summary
of the methods and software described in this review is available
as supplementary material (www.jzar.org).

Molecular information has huge conservation potential,
but instead of blindly replacing all other information, it should
be cleverly integrated into population management. This will
facilitate intelligent and informed decisions, which can save
money, resources and, most importantly, species.
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