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Abstract Captive breeding has become an important tool in species conservation pro-

grammes. Current management strategies for ex situ populations are based on theoretical

models, which have mainly been tested in model species or assessed using studbook data.

During recent years an increasing number of molecular genetic studies have been pub-

lished on captive populations of several endangered species. However, a comprehensive

analysis of these studies is still outstanding. Here, we present a review of the published

literature on ex situ conservation genetics with a focus on molecular studies. We analysed

188 publications which either presented empirical studies using molecular markers (105),

studbook analyses (26), theoretical work (38), or tested the genetic effects of management

strategies using model species (19). The results show that inbreeding can be minimized by

a thorough management of captive populations. There seems to be a minimum number of

founders (15) and a minimum size of a captive population (100) necessary in order to

minimize a loss of genetic diversity. Optimally, the founders should be unrelated and new

founders should be integrated into the captive population successively. We recommend

that genetic analyses should generally precede and accompany ex situ conservation pro-

jects in order to avoid inbreeding and outbreeding depression. Furthermore, many of the

published studies do not provide all the relevant parameters (founder size, captive popu-

lation size, Ho, He, inbreeding coefficients). We, therefore, propose that a general standard

for the presentation of genetic studies should be established, which would allow integration

of the data into a global database.
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Introduction

The conservation of species is a challenging task due to the ongoing threats to biodiversity

(Butchart et al. 2010). Although in situ conservation represents by far the most effective

way to protect endangered species, it is evident that not all species can be efficiently

preserved in their natural habitats. Consequently, the role of zoos and aquariums has

changed from historical menageries that collect and exhibit exotic animals to modern

institutions that actively contribute to conservation, scientific research and public educa-

tion. Since the 1980s, many zoological gardens coordinate their breeding programmes in

‘‘European Endangered Species Programmes’’ (EEPs) and ‘‘Species Survival Plans’’

(SSPs). In 1993, the first World Zoo and Aquarium Conservation Strategy (WZACS) was

published (WAZA 2005). This document proposes clear goals for zoos and aquariums,

including the need to support both in situ and ex situ conservation projects. Meanwhile,

ex situ conservation programmes and reintroductions of captive bred animals have become

widespread measures to protect endangered species (Fischer and Lindenmayer 2000;

Storfer 1999).

A number of difficulties in captive breeding can affect the survival of a captive pop-

ulation and the success of a reintroduction programme. Among these known difficulties,

the requirements for physical health and behavioural anomalies (e.g. stereotypy) have

received much attention (Kirkwood 2003). However, even if captive animals are healthy

and show no behavioural anomalies, they may adapt genetically to their captive envi-

ronment (for a review on adaptation in captive breeding programmes see Williams and

Hoffman 2009). A major goal of captive breeding programmes is the preservation of

maximum genetic variability within a species (Pelletier et al. 2009). For this purpose,

founders need to be sampled from several populations and care must be taken that the

captive population is not dominated by a small number of genetic lineages. Problems in the

genetic representation might be particularly important in species where one population is

readily accessible, whereas others are rare. For example, the captive population of the

Jamaican yellow Boa (Epicrates subflavus) was founded by individuals from only one wild

population even though more wild populations were available (Tzika et al. 2009). Indeed,

an appropriate representation of genetic lineages is a difficult task, as the right balance

between inbreeding and outbreeding must be found. Another important aspect of the

genetic management of captive populations is to avoid inbreeding and a loss of genetic

diversity (Ralls and Ballou 1986). Captive populations are often started with a low number

of founders, either because it is difficult to collect more individuals or because there simply

are no more available (Leberg and Firmin 2008). For example, the breeding programme for

the Mexican wolf (Canis lupus baileyi) was started with the last obtainable seven animals

(Hedrick et al. 1997; Hedrick and Fredrickson 2008). This low number of founders

increases the risk that deleterious alleles become homozygous and lead to inbreeding

depression. The origin and genetic relationships of founders are also often insufficiently

known, particularly if confiscated individuals are included in a captive population.

Although inbred individuals could be outcrossed rapidly (Hedrick 2005), it is often difficult

to obtain new founders from wild populations, especially in the case of endangered species.

Captive breeding programmes should aim at the creation and conservation of healthy,

self-sustaining captive populations that resemble their wild counterparts as closely as

possible both in behaviour and genetics (Frankham 2008; Robert 2009; Goncalves da Silva

et al. 2010; Ralls and Ballou 1986). By taking heed of this, managers can serve two needs:

(1) conserving an endangered species in captivity, and (2) creating a captive stock that is

suitable as a source for future reintroduction programmes. Inbreeding and the loss of
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genetic diversity has been recognized as a major problem in ex situ conservation since the

1970s (Ralls et al. 1979; Bouman 1977), which has led to the implementation of captive

breeding schemes (Pelletier et al. 2009). Traditionally, the genetic management of

endangered species in zoological gardens is based on studbook data only, which is useful

for the analysis of inbreeding effects (Ralls and Ballou 1986) and for quantitative genetic

research (Pelletier et al. 2009). However, the calculations for inbreeding coefficients in

studbooks are based on the assumption that founders are unrelated and non-inbred

(mk = 0) and that individuals of unknown origin have a high level of relatedness

(mk = 0.5), which may substantially influence the results of such analyses (Ruiz-Lopez

et al. 2009; Goncalves da Silva et al. 2010). A recent review analysed the pedigree data of

119 zoo populations to assess the effects of inbreeding on these populations (Boakes et al.

2007). This analysis showed, that inbreeding depression is a common phenomenon in zoo

populations. However, without genetic analyses it is not possible to assess the accuracy of

studbook data (Boakes et al. 2007). Pedigree data has been shown to be erroneous in

several captive populations (e.g. Przewalski’s horses (Bowling et al. 2003); Waldrapp

ibises (Signer et al. 1994); Arabian oryx (Marshall et al. 1999)). Molecular genetic anal-

yses can provide much more realistic insights into the relationships within captive popu-

lations and their population genetic structure. During recent decades, the availability of

highly polymorphic genetic marker systems, particularly microsatellites, has led to an

increasing number of studies on the genetic structure of captive stocks.

The present review covers the published results of molecular studies on ex situ
conservation programmes with a focus on the population genetics of endangered species.

Our aim was to synthesize, how breeding programmes influence genetic diversity and

inbreeding in captive populations. We were particularly interested to see how population

size or founder size influences the genetic structure of captive populations. Also, we

propose guidelines for the establishment of captive populations and for the presentation

of genetic evaluations of captive breeding programmes. As the problem of management

units (MU) has already been reviewed elsewhere (de Guia and Saitoh 2007; Fraser and

Bernatchez 2001), the problem of hybridization, outbreeding and defining MUs is not

discussed here in depth. Fitness related effects of inbreeding (inbreeding depression)

which have been reviewed before (e.g. Keller and Waller 2002; Boakes et al. 2007;

Armbruster and Reed 2005) are not analysed here either. Another important problem

(adaptation to captivity) is not covered here in detail, as this has rarely been studied in

zoo species (but see Williams and Hoffman 2009; Gilligan and Frankham 2003;

Frankham 2008).

Methods

Literature search

We conducted an extensive search through the available literature cited by ISI using two

databases (‘‘Web of Science’’ and ‘‘Zoological Record’’). The term combination used in

our search was: ‘‘TS = (genetic OR microsatellite* OR allozym* OR SNP*) AND

TS = (inbreed* OR outbreed* OR hybrid* OR heterozyg*) AND TS = (captiv* OR zoo

OR ex situ OR breed* OR purg*) AND TS = (conserve* OR endang* OR threat*)’’.

Relevant references in the articles found by this search were also included, as well as

papers citing these articles. Although it was certainly not possible to cover all published

studies in this search (particularly not grey literature such as minor zoo journals or reports),
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it is likely that the majority of relevant articles have been incorporated. We included all

studies published by December 2010.

Inclusion/exclusion criteria

The criteria for considering a study for this review were the following: (1) The study

should deal with a zoo population or captive breeding programme with conservation as its

purpose. (2) The study must involve an endangered species and not a domestic breed or

game species. (Studies on non-endangered species were considered in the text, if the

species served as a model for captive breeding and species conservation or if it was used in

experiments on population genetic modelling.) (3) Fish species were only considered if the

species was endangered but not used commercially. (4) Studies dealing with reintroduction

were considered if captive bred individuals were used. Among the included studies we

distinguished between the categories: (a) theoretical work and reviews, (b) studies

investigating the genetic information via calculated data from the studbook or reporting

inbreeding effects from a captive breeding population, and (c) studies analysing genetic

diversity with molecular markers. Based on these criteria we found a total of 188 relevant

studies (see supplementary file), 105 of which were presenting molecular genetic data.

More than half of the studies used microsatellites (n = 58), we focused on these studies to

uncover the effects of captive breeding on genetic diversity. The remaining molecular

studies used other marker systems (mtDNA, allozymes, AFLPs, RFLPs, RAPDs, ISSRs,

karyotype analyses, MHC) and were, therefore, not comparable with microsatellite data.

Variables coded from each study

The information obtained from molecular studies (category c) was entered into a database

(Table 1). However, as different molecular methods cannot be compared directly, we

decided only to analyse studies using microsatellites (n = 58). If studies included multiple

subspecies or samples from captive, wild and reintroduced populations (see variable

‘‘population status’’), all the sampled populations were recorded separately. Where pos-

sible the data derived from founders of a captive population was also recorded separately.

Studies with mixed samples that were not separately analysed by the authors were

excluded.

Data analysis

As most studies did not provide all the parameters needed for our analysis, we extracted

different data sets for each parameter (FIS, Ho, He). For studies that analysed both captive

and wild populations, we performed ANOVAs to test for differences in He, FIS and the

number of alleles. In order to test for correlations between the number of founders or the

size of the captive population with observed (Ho, n = 48 studies) and expected hetero-

zygosities (He, n = 54), we performed linear regression analyses. The numbers of indi-

viduals were log-transformed prior to the analysis to improve homogeneity of variances.

Since the taxa may differ substantially in their effective population sizes, it would be

expected that ‘‘taxon’’ will also affect the data. Therefore, we also performed an ANCOVA

with ‘‘taxon’’ and log Ncaptive/log Nfounders as explanatory variables. Based upon the

regression analysis, we sought to determine Nfounders and Ncaptive necessary to maintain

high genetic variability (He). To obtain a desirable value for He in captive populations, we
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used the mean He found in the corresponding wild populations reviewed in this study

(n = 29). Theory predicts a clear relationship between the number of contributing founders

and the loss of genetic diversity in breeding programmes (Frankham et al. 2010). However,

it is difficult to compare these theoretical values directly with empirical data, because (1)

the number of generations in captivity is usually not given and (2) the number of founders

are generally census population sizes (Nc) and not effective population sizes (Ne). The

statistical tests were carried out in R 2.10.0 (R Development Core Team 2009).

Results

Study characteristics

Most of the surveyed studies (70%) dealt with specific breeding programmes for endan-

gered species. Some articles contained theoretical considerations on inbreeding and the

effect of captive breeding on genetic diversity or disease risks (20%). Others focused on

developing optimal management strategies or the influence of captive breeding on the

survival of reintroduced populations using model species (10%). The studies dealing with

specific breeding programmes showed a marked bias in research efforts (and possibly also

a publication bias) towards certain taxa (Fig. 1). Most of them studied carnivores, ungu-

lates (including elephants) or birds (25, 26 and 19%, respectively), but there were also a

few on primates (9%) and reptiles (9%). Studies on small mammals, marsupials and fish

species were scarce (2, 6 and 2%, respectively). There were only two studies on endan-

gered amphibian species (Kraaijeveld-Smit et al. 2006; Beauclerc et al. 2010) and none at

all on endangered invertebrates. These results mirror the well-known bias towards char-

ismatic vertebrates in conservation, research and publication policy (Artacho 2006; Maslin

2006; Gippoliti and Amori 2007). Most studies considered only one species or subspecies

(90%). About 70% analysed only captive individuals, whereas 30% compared a captive

Table 1 Information recorded from each study on the genetic diversity of a captive population using
molecular markers

Variable Meaning

Species Species or subspecies studied

Population status This variable explains whether the population was captive, founders of a captive
population, wild, reintroduced or reintroduced using a captive source population
(‘‘reintroduced from captive’’)

n captive pop Number of individuals in the captive population

n founders Number of founders for the captive population

n wild Number of individuals in the wild at the time the study was performed

n sampled Number of individuals sampled for genetic analysis

Marker Molecular marker used

n loci Number of analysed loci

He Expected heterozygosity

Ho Observed heterozygosity

FIS cal Inbreeding coefficient calculated from studbook data

FIS gen Inbreeding coefficient from genetic analysis

n alleles Average number of alleles per locus
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population with either a natural wild population or reintroduced populations (or both).

Only few species or populations (like the Mexican wolf or the black-footed ferret) were

reassessed some years later.

The year of publication ranged from 1979 to 2010, but most of the research (*60%)

was carried out during the last decade (Fig. 2). Studbook analyses were performed

throughout the whole period (sometimes in combination with genetic data), but many of

them were labelled as ‘‘genetic analysis’’. Genetic studies using molecular markers already

started in the late 1980s, but most were carried out after 2000. There is a clear temporal

trend in the use of different molecular marker systems (Fig. 2). DNA fingerprinting and

allozymes were mainly used during the 1990s. AFLPs were mainly used for fishes (but

altogether not very often), mtDNA was applied rarely (due to its limited usefulness for

population genetics) but throughout the whole period. Microsatellites were first applied in

the mid 1990s and have now become the most frequently used marker system (52% of all

the studies used microsatellites). Only 16 out of 105 studies combined different marker

systems, mostly mtDNA and microsatellites.

Many studies presented some relevant basic data on the species or population studied,

but unfortunately the quality of this information differed substantially. The data often

included the size of captive and wild populations or the number of founders for captive or

reintroduced populations, but no study provided all of this information and the given data

was usually only for a captive subpopulation. The expected and observed heterozygosities

(He and Ho) were given in 90 and 79% of the studies, respectively, but only 67% gave both

measures. Despite the fact that most statistical programmes used for population genetic

analysis almost automatically calculate a genetic inbreeding coefficient (FIS), and although

it presents important information for an ex situ-conservation project, only 38% of the

studies mentioned this measure. For 15 studies, we calculated FIS values from the infor-

mation on He and Ho according to Wright (1931): FIS = (He - Ho)/He. An inbreeding

coefficient calculated from studbook data was documented only in 18% of the studies.

There were only three studies reporting a significant correlation between relatedness

derived from studbook data (f) and the inbreeding coefficient (FIS) (Nielsen et al. 2007;

Ruiz-Lopez et al. 2009) or observed heterozygosity (Ho) (Ellegren 1999). Only four studies

calculated the effective population size (Ne) of the captive population.
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Temporal trends in genetic diversity and comparisons with wild populations

Six studies tested the temporal course of the genetic structure of captive populations. This

was done by comparing recent samples with the founders or historical samples from

museum specimens (n = 4) or by reassessing the population after some years (n = 1). One

study (Kraaijeveld-Smit et al. 2006) compared the genetic diversity of the founders with

the genetic diversity found in short-term and long-term captive populations. The results

from these comparisons were mixed, but the data indicated that long-term captive breeding

leads to a loss in expected heterozygosity and the number of alleles. When captive pop-

ulations were compared with wild populations (18 studies including 33 captive and 29 wild

populations), the mean difference in He, FIS and number of alleles was not significant

(ANOVAs, P [ 0.1, He wild = 0.6 ± 0.02; He captive = 0.57 ± 0.02; FIS wild = 0.05 ±

0.02; FIS captive = 0.04 ± 0.02; n alleleswild = 4.71 ± 0.25 n allelescaptive = 4.14 ± 0.23).

However, there was some variation in the responses of these three genetic parameters to

captivity (Table 2). Twenty-four studies tested for differences between Ho and He in

captive populations, nine of which (37.5%) were significant. Except for one, in all of these

cases Ho was lower than expected (arithmetic mean: 0.036).

Correlations of population size or number of founders with He, Ho and FIS

Our analysis revealed a strong correlation with He of both captive population size and the

number of founders. The expected heterozygosity was positively correlated with the log

number of founders (r2 = 0.28, P \ 0.001; Fig. 3a) and also with the log size of the

captive population (r2 = 0.20, P = 0.013; Fig. 3b). A similar pattern was observed for Ho

(correlation with log Nfounders: r2 = 0.19, P = 0.011). The correlation between Ho and
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log Ncaptive was not significant (r2 = 0.08, P = 0.12). If the highest values of Ncaptive and

Nfounders are deleted, the correlation even improves. No significant effect of the variable

‘‘taxon’’ was detected (ANCOVA, F8,30 = 0.55, P = 0.81).

One aim of captive breeding programmes is to maintain 90% of the natural genetic

diversity for 100 years (Frankham et al. 2010). It is evident that microsatellite loci differ in

their variability and taxa also may differ in their natural genetic diversity. Hence, it is

rather difficult to obtain a standardized threshold value for He, which should be reached in

captive breeding programmes. Based upon the mean He of 0.60 (±0.02 SE) for wild

populations calculated above, a desirable 90% threshold would be He = 0.54. Our analysis

shows that captive populations with Nfounders [ 15 consistently exceed this threshold. For

Ncaptive this value was 100 individuals. There were only isolated cases in which a higher

number of founders (Perameles bougainville: Smith and Hughes 2008) or captive indi-

viduals (Alligator sinensis: Xu et al. 2005; Oryx leucoryx: Marshall and Spalton 2000)

failed to reach these values. FIS [ 0.2 also only occurred in populations with less than 15

founders or 100 captive individuals. Due to the logarithmic relation between He and N the

addition of single individuals has a strong impact when the number of founders (or captive

individuals) is still low. With increasing N the impact of each individual substantially

decreases. For example, an addition of one individual to Nfounders = 2 increases He by

2.7%, whereas it is only 0.33% for Nfounders = 20.

Table 2 Effects of captive breeding on genetic diversity compared to wild populations

Species
group

Species Effect of captive breeding on

He n alleles FIS References

Amphibian Alytes muletensis Negative Negative – Kraaijeveld-Smit et al.
(2006)

Amphibian Peltophryne lemur Neutral Neutral Neutral Beauclerc et al. (2010)

Bird Falco naumanni Neutral Neutral Neutral Alcaide et al. (2010)

Bird Falco peregrinus Neutral Neutral Neutral Jacobsen et al. (2008)

Bird Gypaetus barbatus Positive Positive Positive Gautschi et al. (2003)

Bird Gyps fulvus Neutral Neutral Negative Le Gouar et al. (2008)

Carnivore Canis lupus Neutral Neutral – Ellegren et al. (1996);
Ellegren (1999)

Carnivore Ailuropoda
melanoleuca

Negative Neutral Positive Shen et al. (2009)

Carnivore Canis lupus signatus Neutral Neutral Negative Ramirez et al. (2006)

Carnivore Mustela nigripes Positive Neutral Negative Wisely et al. (2003)

Chiroptera Pteropus rodricensis Negative Negative Positive O’Brien et al. (2007)

Marsupial Onychogalea fraenata Negative Negative Neutral Sigg (2006)

Marsupial Perameles bougainville Positive Positive – Smith and Hughes (2008)

Marsupial Macrotis lagotis Negative Negative – Smith et al. (2009)

Reptile Alligator
mississippiensis

Positive Positive Negative Glenn et al. (1998)

Reptile Epicrates subflavus Negative Negative – Tzika et al. (2009)

Ungulate Capra ibex (ibex) Neutral Negative Neutral Maudet et al. (2002)

Ungulate Tapirus bairdii Positive Positive Neutral Norton and Ashley (2004)
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For FIS the variation of values decreased with an increasing number of founders and an

increasing captive population size (Fig. 3c, d). The mean FIS across all studies was

0.060 ± 0.02 SE (n = 42). There were only four captive populations with an FIS [ 0.25.

Among the 26 studies that analysed studbook data, 23 dealt with the effects of inbreeding

on captive populations (studies that analysed the same species were counted as one study:

n = 18 covering 20 species or subspecies). In nine studies inbreeding had a negative effect

on the captive population. Negative effects included higher infant mortality, lower semen

quality, lower litter size and hereditary defects (for an overview on hereditary effects

caused by inbreeding in several carnivore species see Laikre 1999a, b).
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Discussion

Our analysis shows that inbreeding and loss of genetic diversity can be minimized in

captive breeding programmes by thorough population management. The genetic conse-

quences of captive breeding are highly variable depending on a number of factors, such as

the number and relatedness of founders or the period for which breeding has been coor-

dinated by a studbook (Ruiz-Lopez et al. 2009). Franklin (1980) and Soulé (1980) sug-

gested that an effective population size of 50 would be sufficient to avoid inbreeding. Lacy

(1987) proposed that a higher number (100 individuals) was needed and experimental data

with fruit flies also suggests that a number of 50 would be far too low (reviewed in

Frankham et al. 2010). The results of our analysis support the recommendation that a

captive population should number at least 100 individuals (based on Nc, see below) to

effectively counteract inbreeding and a loss of genetic diversity (Fig. 3). However, if the

goal is to retain evolutionary potential, the effective population size needs to be much

larger (e.g. Franklin 1980: 500; Lande 1995: 5000). A recent analysis showed that 67% of

ex situ populations in AZA (Association of Zoos and Aquariums) institutions have a

population size of less than 100 individuals (Baker 2007) and the mean Ne of SSP (species

survival plan) populations is 41 (Frankham et al. 2010). This indicates that zoo stocks still

require a lot of restructuring in order to make captive breeding a more valuable contri-

bution to species conservation (Baker 2007; Leader-Williams et al. 2007).

The number and identity of founders is a major factor determining the gene pool of the

captive population. Therefore, it obviously should have a greater impact than the captive

population size. Frankham et al. (2010) proposed that an Ne of 20–30 founders is needed in

order to maintain genetic diversity. According to our analysis a minimum founder size of

15 individuals (Nc) seems to be sufficient to preserve an He of 0.54 (i.e. 90% of the mean

He in wild populations). We only found one exception (Western barred bandicoot: Per-
ameles bougainville), in which He was low (0.27) despite the number of 30 founders

(Smith and Hughes 2008). However, in this case the sampling of the captive population

was rather low (N = 8) and He was also low in the wild populations. Furthermore, a second

captive population had an even lower founder size (N = 20) and substantially higher

genetic diversity (He = 0.54).

It has to be noted, that all population sizes presented in the analysed publications refer to

the census size (Nc) and not to the effective population size (Ne). These two values might

differ considerably within a population depending on the contribution of each individual to

reproduction, which is influenced by factors like the mating system, sex ratio, genetic

bottlenecks and ploidy (Hedrick 2005). The relatedness between the founders also plays an

important role for Ne of captive populations. Closely related individuals (family groups,

herds, regional subsamples) might be sampled for practical reasons, while recruiting

breeding stocks. Some species are much more prone to such non-random sampling due to

their social structure and breeding system. Also, the susceptibility of the species to

inbreeding needs to be considered. Species with small ranges (for example on islands) are

thought to be less affected by inbreeding depression, because the genetic load may have

been reduced by natural purging (Leberg and Firmin 2008; Princée 2001). For inbred in situ

populations the number of founders as well as the captive population size needs to be much

greater and it should be aimed at obtaining specimens from additional populations.

It has to be mentioned, that our analysis did not consider the time that a population has

been kept in captivity. The genetic effect of the time spent in captivity has only been

studied in a single species (Kraaijeveld-Smit et al. 2006). The results of this study con-

firmed that the time spent in captivity is negatively correlated with genetic diversity, which
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is also predicted by theory (Frankham et al. 2010). In many captive breeding programmes,

additional individuals are successively introduced into the ex situ population, which can

help to avoid genetic erosion.

In general, it is advisable to use as many founders as possible to start a captive breeding

programme, which should be non-inbred and unrelated (Soulé et al. 1986; Ralls and Ballou

1986). Later introductions of additional individuals might be necessary, but it would be

ideal if the specimens were genotyped before being incorporated into the population, in

order to clarify their origin and relatedness with other captive individuals. Evidently, the

minimum numbers given above are still rough estimates and will not ultimately prevent a

loss in genetic diversity. Significant adaptation to captive conditions can occur within some

tens of generations (Gilligan and Frankham 2003). Therefore, it has been proposed that

captive breeding programmes for reintroductions should not start sooner than is necessary

and ‘‘prophylactic’’ captive breeding should be avoided (Snyder et al. 1996). In order to

prevent adaptation to captivity, ex situ conservation needs to be optimized in a way that

animals will be returned to the wild as soon as possible (Snyder et al. 1996). However,

there is a trade-off between capturing a maximum of genetic diversity found in the wild

and delaying ex situ conservation as long as possible. Furthermore, such a strategy requires

sound knowledge of the population trends in wild populations. A possible solution to

prophylactic captive breeding would be to regularly augment the captive populations with

individuals from the wild, thereby reducing adaptation to captivity to a minimum.

Although these general recommendations on ex situ conservation strategies have

already been proposed decades ago (e.g. Snyder et al. 1996; Ralls and Ballou 1986), there

is still a discrepancy between theoretical knowledge and practical implementation. More

than 10,000 species are currently kept in zoological gardens (ISIS 2010), but according to

WAZA only 850 taxa are currently managed by studbooks (international and regional) and/

or breeding programmes (WAZA 2010). However, only 118 of the international studbooks

were labelled as ‘‘active’’. Indeed, a high number of critically endangered species definitely

still need ex situ conservation programmes. Appropriate breeding programmes need to be

established for these species or the existing programmes need to be assessed and opti-

mized. In fact, it has been stated, that fewer than 200 threatened mammals are sustainably

propagated in zoos (Conway 2007). Current zoo stocks still comprise a high number of

species that are either common, severely inbred or outbred or just kept for commercial

purposes. We have to admit that keeping charismatic megavertebrates is crucial for the

economic survival of zoos and that these species have an important function as flagship

species for conservation and to attract visitors. On the other hand, legal obligations to keep

some large mammal species, such as the African elephant, are increasing and some zoos

have to allocate large areas of their premises in order to keep this species. This is in stark

contrast to the fact that the African elephant certainly can be protected efficiently in the

wild and the population trend is increasing (Blanc 2008). Zoological gardens need to

restructure their stocks and should aim at achieving a balanced portfolio of charismatic

flagship species and highly endangered species that are kept for ex situ conservation

(Leader-Williams et al. 2007; Conde et al. 2011).

Management units

Another important problem in ex situ conservation is that the phylogenetic relationships of

the available individuals, populations or species are often not sufficiently known. A

number of examples exist where zoos accidentally mixed individuals that belonged to

different species, subspecies or other management units for lack of knowledge about the
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systematic relationships. A well-known example is the frequent hybridization of the

Bornean Orang-utan (Pongo pygmaeus) and the Sumatran Orang-utan (Pongo abelii).
These two species had formerly been managed as a single species, but subsequently it

became evident that they are strongly differentiated (Zhi et al. 1996). Therefore they are

now listed as two distinct species in the IUCN red list (Singleton et al. 2008; Ancrenaz

et al. 2008). The multitude of phylogenetic studies carried out during the last decades

reveal that many taxa consist of several cryptic species or subspecies, which might be

morphologically similar but show significant genetic differentiations (Hochkirch and

Görzig 2009). In a captive population of dik-diks, infertile individuals turned out to be

crosses between cryptic chromosomal races (Ryder et al. 1989). As speciation is often a

long lasting process with many intermediate stages, genetic differentiation may also affect

populations within a species. A genetic survey of the Asian elephant revealed two ma-

trilinear clades and male hybrids between these clades show reduced fertility (Fickel et al.

2007).

It is important that management units are defined and breeding programmes focus on

threatened lineages. For example, the North American raccoon (Procyon lotor) is frequently

held in European zoos, even though it is common in its native range and even invasive in

parts of Europe and Asia (Schmidt 1999). In contrast, the critically endangered Pygmy

raccoon (Procyon pygmaeus) is rarely held (but work is in progress to establish a captive

breeding programme; Cuarón et al. 2008). Conservation priorities are not always as clear as

in this case, however. The definition of Evolutionary Significant Units (ESUs) and Man-

agement Units (MUs) has been the subject of much debate and the underlying problems are

similar to those in the discussions on species concepts. Up to now several concepts and

definitions have been proposed (see de Guia and Saitoh 2007 for a review). In order to

assign populations to optimal management units, many kinds of information should be

considered, such as life history traits, ecological and demographic data, as well as molecular

genetic data (Allendorf and Luikart 2007). The approach proposed by Crandall et al. (2000)

uses genetic and ecological inexchangeabilities over recent and historical times to identify

separate MUs. It thus considers adaptive distinctiveness, combines genetic and ecological

principles and is testable in the form of null hypotheses (Fraser and Bernatchez 2001).

However, conducting such an expensive and time consuming study is not always feasible.

Particularly in highly endangered taxa quick assessments are often necessary. In these cases

provisional MUs can be defined based on significant differences in allele frequencies at

neutral marker loci and/or mitochondrial DNA haplotypes (Avise 2004). Nevertheless, it

should always be kept in mind, that these MUs might not capture traits like environmental

adaptations or learned behaviour. Hence, they can lead to insufficient protection of possibly

unique populations. On the other hand, the use of highly polymorphic molecular markers

can also lead to an exaggerated splitting of populations into separate MUs (Allendorf and

Luikart 2007). This can happen, if significant differentiation is caused by anthropogenic

population fragmentation and subsequent gene drift which does not reflect biologically

meaningful adaptation. Thus, if possible, the history of the populations in question should

also be considered. In any case, the definition of management units should not rely on a

single marker system, particularly not just on mitochondrial DNA, which may easily be

introgressed into the gene pool of related species.

A guide to implementing ex situ programmes

From the considerations discussed above, we conclude that detailed information on the

status of a species is needed in order to plan and manage a successful captive breeding
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programme. We therefore recommend following the steps below in establishing a new

captive breeding programme:

(1) Obtain data on the natural genetic structure of the wild populations of endangered

species; possibly also include populations that are extinct in the wild by using

museum material.

(2) Define management units based on the genetic data and prioritize these management

units within the species (considering local adaptations, avoiding outbreeding).

(3) Collect basic information on the existing captive population and holders.

(4) Analyse the genetic structure of the captive population and assign captive individuals

to the management units defined in step 2.

(5) Select suitable individuals for a captive breeding programme for a defined

management unit and create a studbook.

(6) If possible, collect wild individuals in order to maximize the genetic variability and

represent missing genetic lineages for a management unit.

(7) Reassess the genetic structure of the captive population after some generations.

This list shows that genetic analyses are valuable at several stages of an ex situ con-

servation project. They can help to determine founder origin, founder relationships and

uncover erroneous pedigree information, as has been shown for the Przewalski’s horse and

the Asiatic lion (for a short overview see Ivy et al. 2009).

Management strategies

Inbreeding has been widely recognised as a major problem in captive breeding (e.g.

Boakes and Wang 2005; Frankham et al. 2010; Leberg and Firmin 2008). Purging

(deliberate inbreeding in order to eliminate recessive, deleterious alleles) has sometimes

been proposed as a management tool in ex situ conservation, but studies have shown that

the results of purging are unpredictable. Therefore, it should not be applied in the man-

agement of captive populations (see Leberg and Firmin 2008; Boakes et al. 2007), and

particularly not to endangered species. The ‘‘traditional’’ approach to avoid inbreeding

depression is to minimize potential bottlenecks and to avoid matings between closely

related individuals based on studbook data. However, although the concept of studbooks is

persuasive, some underlying assumptions are often not met in real world ex situ popula-

tions. First of all, there are usuallyonly a few individuals available to establish a captive

population (Leberg and Firmin 2008). More importantly, the genetic relationships of the

founders (and also of individuals later integrated into the breeding stock) are usually not

known, but inbreeding calculations for studbooks are based on the assumption that foun-

ders are unrelated and non-inbred (Ruiz-Lopez et al. 2009). This assumption may be

logistically necessary, but it does not accurately describe the true relationships between the

founders (Russello and Amato 2004) and might therefore lead to severe underestimates of

inbreeding coefficients (Ruiz-Lopez et al. 2009).

The most widely accepted management approach is Minimizing Kinship (MK)

(Falconer and Mackay 1996), where the overall level of relationships in the population is

minimized to maximize the retention of gene diversity (Ballou and Lacy 1995; Saura et al.

2008). This approach is generally recommended in conservation breeding programmes

(Saura et al. 2008), but detailed pedigree data for the captive population is needed to find

optimal breeding pairs (Ballou and Lacy 1995; Caballero and Toro 2000). A related, but

more simple approach is the Maximum Avoidance of Inbreeding scheme (MAI) (Kimura

and Crow 1963). MAI involves equalizing family sizes and a circular mating pattern,
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where females are mated to males of different subpopulations each year (Windig and Kaal

2008; Frankham et al. 2010). This scheme is recommended when a large proportion of the

pedigree is unknown (Ballou and Lacy 1995). Simulations show that high levels of genetic

variation can be maintained by using MAI (Ballou and Lacy 1995). But due to the complex

breeding scheme which has to be followed precisely, this strategy is sometimes very

difficult to apply and it is only fully effective, if it is applied from the first generation (i.e.

the founders) on (Frankham et al. 2010). Another strategy is to use a breeding circle.

Breeding circles are rotational breeding schemes, where each subpopulation provides

males for its neighbouring subpopulation. This approach has many practical advantages; no

pedigree data is needed, new subpopulations can easily be incorporated into the scheme,

geographical distances for translocations between subpopulations can be minimized by

careful design of the breeding circle and the scheme can not suffer from incompatibilities

between individual owners (Windig and Kaal 2008). This last approach is especially useful

if species are maintained as groups without individual pedigree information, as is often the

case for invertebrates, fishes and some bird species. Generally, the management strategy

for any ex situ population should be adapted to the special social structure, mating system,

generation time, size, trophic level and other bionomic variables of each species.

How to perform a genetic assessment of a zoo population

Microsatellites are currently the best neutral marker system to study the population

genetics of zoo populations (although other promising methods are currently arising, see

below). Currently, the disadvantage of microsatellites is that the development of specific

primers can be time consuming and expensive. Although the costs for primer development

are falling, they may still be too high for the budgets of small projects. Fortunately, primers

are already available for many bird and mammal species, and the number is steadily

increasing. Furthermore, cross-species amplification is possible in many cases (Barbará

et al. 2007). As mentioned above, a genetic study of field populations should precede or

accompany ex situ studies in order to obtain information about the natural genetic variation

and the identity of management units. A sufficient number of polymorphic microsatellite

loci should be used (at least 10 loci) and it is advisable to combine this marker system with

sequencing mtDNA to facilitate the identification of introgression events. It is also nec-

essary to sample a sufficiently high number of specimens from the captive population.

Ideally, all individuals should be genotyped and only genotyped individuals should be

included in a studbook. Another frequent problem in microsatellite analyses is the

occurrence of scoring errors. Possible pitfalls of microsatellite analyses have been treated

elsewhere (e.g. Birnbaum and Rosenbaum 2002; Selkoe and Toonen 2006).

The statistical analysis depends on the research objectives, but some standard measures

should be presented in any ex situ genetics study. This is particularly true for observed and

expected heterozygosities as well as the inbreeding coefficients obtained from pedigree

(f) and molecular data (FIS). The pedigree inbreeding coefficient f measures the theoretical

cumulative inbreeding over generations based upon observed (or assumed) relationships. It

is based on the—often erroneous—assumption that the founders are unrelated and non-

inbred (Ruiz-Lopez et al. 2009). Genetic studies revealed that studbooks often contain

erroneous or incomplete pedigree information (e.g. Signer et al. 1994). The molecular

inbreeding coefficient FIS describes the deviation between observed and expected het-

erozygosities (assuming Hardy–Weinberg-Equilibrium). It thus measures non-random

mating and is influenced by unknown population structure (Wahlund effect), scoring errors

(null alleles), homoplasy (particularly in rapidly mutating microsatellites) and inbreeding.
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It is, therefore, unlikely that values for f and FIS will be identical. However, cumulative

inbreeding will affect both measures. A correlation between both values is, therefore,

intuitive and has been reported (Nielsen et al. 2007). A comparison of both measures in a

meta-analysis may provide valuable insights, but most of the hitherto published studies

only mention f, even though genetic data was available. Other measures that should also be

given include the size of the captive population and the number of founders. It is also

advisable to calculate the effective population size (Ne) from the genetic data. If the

presentation of data is standardized, it could be fed into a database, which could be

maintained by international organisations (e.g. WAZA, IUCN) and be made accessible to

breeders and scientists. This would provide valuable information on the efficiency of

ex situ conservation programmes.

Knowledge gaps and future research priorities

The majority of papers on ex situ conservation genetics analysed only the captive popu-

lation. Comparisons with wild populations are very scarce, although it is exactly this

comparison that is needed in order to evaluate whether the goals of breeding programmes

for endangered species are really being met. This data would simplify the work of studbook

coordinators by providing more detailed knowledge on the genetic variability of the

breeding stock. Additionally, it is sensible to compare the genetic structure of reintroduced

populations with the captive stock. Such studies are important as a major goal of ex situ
conservation is to establish a suitable source for reintroductions. Long-term assessments of

the genetic trends in ex situ populations are also very sparse. This is probably caused by the

short-term funding of research projects. A general problem in ex situ conservation genetics

is the incompleteness of population sampling. Often, not all holders are willing or able to

contribute samples. Even if all holders participate, a number of administrative require-

ments can impede sample acquisition. The convention on the international trade in

endangered species of wild fauna and flora (CITES) is an important and successful

instrument of nature conservation. However, its regulations complicate the exchange of

material, which can discourage potential participants. Also, the administrative effort

required is often not compatible with the time scale of regular research projects. It would,

therefore, be advisable to establish simplified procedures for scientific purposes that would

facilitate sample acquisition.

Another important issue, which needs to be addressed in empirical studies using genetic

markers is adaptation to captive environments (Williams and Hoffman 2009). Experi-

mental studies with fruit flies and fishes have shown that adaptation to captive conditions

can occur rapidly and might thus negatively influence even short-term breeding pro-

grammes (e.g. Ford 2002; Gilligan and Frankham 2003; Araki et al. 2007; Heath et al.

2003). For a review on adaptation to captivity see Frankham (2008) or Williams and

Hoffman (2009). In order to avoid complications during reintroduction programmes, it is

crucial to increase our knowledge on adaptation processes in captive breeding programmes

for endangered species. For this purpose, non-neutral markers need to be studied, such as

the major histocompatibility complex (MHC), which has been studied extensively in the

wild (reviewed in Bernatchez and Landry 2003). Although MHC studies on captive

populations of endangered species also exist, most of them focus on loss of genetic

diversity rather than on adaptation to captivity (e.g. Hedrick et al. 2000; Sachdev et al.

2005; Marsden et al. 2009). On the other hand, other genes have received less attention and

Radwan et al. (2010) caution not to focus on MHC diversity alone. The recent development

of new techniques (SNPs, next generation sequencing) will certainly improve the options
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for empirical research on genetic adaptations to captivity. In the future, these techniques

will also become less expensive (Mardis 2006) and thus become affordable for applied

conservation research. The rapid progress made in the field of genomics will probably help

to understand processes of inbreeding and adaptation in greater detail. Captive populations

represent ideal study objects for this kind of research.
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Soulé ME, Gilpin M, Conway W et al (1986) The Millenium Ark: how long a voyage, how many state-
rooms, how many passengers? Zoo Biol 5:101–113

Storfer A (1999) Gene flow and endangered species translocations: a topic revisited. Biol Conserv
87:173–180

Tzika AC, Remy C, Gibson R et al (2009) Molecular genetic analysis of a captive-breeding program: the
vulnerable endemic Jamaican yellow boa. Conserv Genet 10:69–77

WAZA (2005) Building a future for wildlife—the world zoo and aquarium conservation strategy. WAZA
WAZA (2010) Conservation breeding programs. www.waza.org. Accessed 14 June 2010
Williams SE, Hoffman EA (2009) Minimizing genetic adaptation in captive breeding programs: a review.

Biol Conserv 142:2388–2400
Windig JJ, Kaal L (2008) An effective rotational mating scheme for inbreeding reduction in captive

populations illustrated by the rare sheep breed Kempisch Heideschaap. Animal 2:1733–1741
Wisely SM, McDonald DB, Buskirk SW (2003) Evaluation of the genetic management of the endangered

black-footed ferret (Mustela nigripes). Zoo Biol 22:287–298
Wright S (1931) Evolution in Mendelian populations. Genetics 16:97–159
Xu QH, Fang SG, Wang ZP et al (2005) Microsatellite analysis of genetic diversity in the Chinese alligator

(Alligator sinensis) Changxing captive population. Conserv Genet 6:941–951
Zhi L, Karesh WB, Janczewski DN et al (1996) Genomic differentiation among natural populations of

orang-utan (Pongo pygmaeus). Curr Biol 6:1326–1336

Biodivers Conserv

123

http://www.iucnredlist.org
http://www.waza.org

	Ex situ conservation genetics: a review of molecular studies on the genetic consequences of captive breeding programmes for endangered animal species
	Abstract
	Introduction
	Methods
	Literature search
	Inclusion/exclusion criteria
	Variables coded from each study
	Data analysis

	Results
	Study characteristics
	Temporal trends in genetic diversity and comparisons with wild populations
	Correlations of population size or number of founders with He, Ho and FIS

	Discussion
	Management units
	A guide to implementing ex situ programmes
	Management strategies
	How to perform a genetic assessment of a zoo population
	Knowledge gaps and future research priorities

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


