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1  Antecedents and principles 

1.1 Genetic erosion in small populations: diversity loss and inbreeding 

One of the main objectives in a conservation program should be the maintenance of the highest 

levels of genetic diversity, as this is the fuel for the adaptation and is critical for the long-term 

viability of populations. It has been proven that populations with low levels of genetic diversity 

present lower fitness (Frankham et al. 2010). Moreover, the lack of variability will preclude the 

population from evolving and facing the changes in the environment/habitat; this is especially 

important in the context of the Global Climate Change that we are going through. 

Endangered species often exhibit reduced levels of genetic diversity and, thus, any 

management should be directed to avoid further loss of diversity. The main processes leading 

to the decrease of genetic diversity in these species are natural selection and genetic drift. 

Natural selection eliminates the deleterious variants (alleles) at any loci and promotes the rise of 

beneficial alleles. Obviously, unconditionally detrimental alleles will tend to be removed from 

populations by natural selection (e.g. those provoking severe defects or susceptibility to a 

disease). However, in populations with small (effective) size the effect of natural selection is 

reduced and genetic drift becomes the most relevant force.  Consequently, harmful genetic 

information may accumulate in what we call ‘genetic load’, compromising the survival and 

reproduction of individuals and the viability of the population. Genetic drift is the random 

fluctuation of allelic frequencies due to a reduced sampling of gametes from one generation to 

the next and it is inherent to small population sizes (Falconer & Mackay 1996). This process 

may eventually lead to some alleles being lost (i.e. loss of genetic diversity) and, additionally, 

may allow the frequencies of moderately deleterious alleles to increase, even to fixation. 

Genetic diversity then refers to the amount of genetic variation present in the population and 

can be characterised (and managed) through different parameters, which will be explained in a 

later section. 

Another problem connected to the reduced populations’ size is the rise of inbreeding. 

Inbreeding is associated with a poor performance for all kinds of traits, especially those related 

to fitness, and thus threatens the survival of the population. This process is known as 

inbreeding depression and is observed in all types of species. Mechanisms involved in the 

generation of inbreeding depression include the expression of recessive deleterious alleles in 

homozygotes, which are masked in the heterozygotes, and the loss of overdominance (i.e. 

superiority of heterozygotes) in loci controlling the traits (Charlesworth & Willis 2009). As a 

general rule, the accepted threshold establishes that the rate of inbreeding per generation 

should be lower than 1% to prevent inbreeding depression. 

The term inbreeding has several meanings, causing some confusion. A first meaning refers to 

the genetic consequence of the mating of close relatives and is also inherent to small 



 

populations, where the proportion of related individuals carrying two alleles identical by descent 

(IBD) progressively increases through time. This value is captured by the individual inbreeding 

coefficient (F), that expresses the probability that the two alleles at a genetic locus are identical 

by descent from an ancestor shared by both parents. An individual’s inbreeding coefficient is 

thus equal to the kinship coefficient of its parents. It can be estimated from a genealogy using 

only the Mendelian transmission probabilities or from observed genotypes at multiple markers. 

In this latter case, several variables have been proposed which are all based on average 

observed homozygosity for the individual, which is modified to discount the part of the identity 

that is attributable to allele frequencies, i.e. identity by state (IBS), rather than identity by 

descent, as explained for coancestry below. The several measures differ on how the 

homozygosity is weighted across loci. For example, the standardized multilocus heterozygosity 

(sMLH) expresses the proportion of analyzed loci that were heterozygous for that individual, 

divided by the average heterozygosity of the loci that were successfully genotyped for each 

individual (Coltman et al. 1999). Other estimators weight observed homozygosity by the 

frequency of the corresponding allele (e.g. internal relatedness (Amos et al. 2001)). When 

whole genome data is available, individual inbreeding coefficients can be estimated as the 

proportion of the genome in long runs of homozygosity (ROH) (Ceballos et al. 2018). A second 

use of the term inbreeding is to refer to effects of genetic drift, and is quantified as the 

proportional decrease in observed heterozygosity relative to the heterozygosity of the founder 

population, or of any past population serving as the reference point. This will also be an 

estimate of the average inbreeding coefficients among the living individuals calculated from 

pedigrees assuming founders are unrelated. Finally, a third use of inbreeding refers to the 

extent of non-random mating in the population and is expressed as the Wright coefficient FIS, 

the relative excess of observed heterozygosity with respect to that expected under random 

mating for the observed allele frequencies. 

 

1.2 Population-level management: translocations and genetic rescue 

From the considerations in the previous section, it seems sensible to establish the minimization 

of the rate of loss of genetic diversity and the limitation of the accumulation of inbreeding as the 

general goals of the genetic management in a conservation program, both goals translating to 

the maximization of the effective population size (Ne). The size of the population being the key 

factor driving these processes, the first/urgent measure is to enlarge populations, which will also 

minimize the problems arising from demographic factors. For ex-situ populations the target 

should be recruiting/breeding the largest number of individuals the program can afford to 

maintain. Starting with a large collection of individuals will avoid the founder effect (i.e. a 

bottleneck limiting the amount of genetic diversity from the beginning) and will reduce the 

intensity of genetic drift in the subsequent management, if size is maintained or increased. 



 

Most populations of endangered species are subdivided into different disconnected breeding 

groups. In nature, the main causes of subdivision are the deterioration of habitats, with the 

consequent isolation of different subpopulations, and/or the creation of artificial barriers (e.g., 

roads, railways or fences). In ex situ conservation programs of wild and domestic species, the 

fragmentation may be intentional for logistic reasons (e.g., limited space and facilities to keep 

the population in a single location). In the context of population genetics and conservation 

programs, subdivided populations more or less connected by gene flow are often referred to as 

metapopulations.  

A sensible question, especially when dealing with natural populations, could be if we should 

manage all groups together or establish different conservation programs focused on different 

subpopulations; this maybe be especially appropriate when differentiation between groups is 

linked to local adaptations. This issue should be established before the conservation program(s) 

start(s). 

A consequence of subdivision is the smaller size of each subpopulation and, therefore, an 

increased effect of drift which leads to a faster loss of genetic diversity and rise of inbreeding. 

Moreover, small populations are more vulnerable to stochastic and catastrophic events. These 

negative processes can be ameliorated by dispersal and gene flow. When natural gene flow 

through dispersal is not sufficient to prevent these negative consequences, a suitable 

management strategy is the translocation of individuals from other populations. This strategy 

has a triple effect on the recipient population: i) to enlarge population size, with the benefits in 

demographic terms; ii) to broaden the genetic diversity and, thus, the adaptive potential of the 

population; iii) to break the inbreeding and its negative consequences (genetic rescue). Notice 

that, to achieve the last two benefits, the genetic pool of the donor population should be 

different from the recipient. The donor population could be, thus, selected for maximal genetic 

differentiation (measured, for example, through the FST or the between-populations coancestry 

coefficients), even when its genetic diversity is also low and inbreeding is high. The particular 

individuals to be transferred can be selected for minimal mean kinship to the recipient 

population, while also considering other demographic, behavioural or sanitary criteria. 

Notwithstanding, when moving individuals between subpopulations, there may be some risk of 

outbreeding depression caused by either local adaptation to different environments or by the 

disruption of adaptive gene complexes (i.e. ‘breaking’ particular genetic combinations which 

may sustain local adaptations). These factors can lead to a low success of translocations and 

even to precipitate the extinction of the target population. Therefore, there is a need to find an 

adequate balance between the limitation of inbreeding and the maintenance of local 

adaptations.  

A simple procedure to manage translocations is the classical One Migrant Per Generation 

(OMPG) methodology that established that, on average, each subpopulation should send one 

individual and receive one individual to/from any other population in each generation. In 



 

simplified scenarios, it has been proved that this strategy maintains acceptable levels of 

inbreeding while keeping substantial differentiation between subpopulations (Wang 2004). If 

genealogical or molecular measures of coancestry within- and between-subpopulations exist, 

the migration scheme can be further optimized by selecting animals with lowest average 

relatedness to the receiving population.  

Having in mind the difficulties that moving individuals implies (logistic aspects, associated costs, 

administrative burden, …) and the possible genetic problems induced by such strategy (as 

explained above), the need for assisted migration should be carefully evaluated. The criteria to 

be followed will include all the factors affecting the risk of extinction like the size of the 

subpopulation, the levels of inbreeding and the evidences for inbreeding depression 

1.3 Individual-based genetic management 

In natural populations the possibilities for active management are somehow reduced. Contrarily, 

ex-situ/captive populations usually maintain a detailed record of individuals, allowing a fine-

scale individual-based genetic management of the population. Basically, actions can be taken at 

two levels: i) deciding who contributes offspring (and how many) to the next generation; ii) 

arranging the mating pairs. The former aspect is directed to limiting the loss of genetic diversity, 

although it also reduces the expected inbreeding as a side effect. The general idea is to avoid 

generating offspring from individuals with genetic information which is overrepresented in the 

population. Contrarily, individuals with unique genetic information must be favoured for 

reproduction, assuring that they transmit this information and, consequently, it is not lost. The 

parameter measuring the amount of shared genetic information is the average kinship or 

coancestry (Ballou & Lacy 1995). The Kinship Coefficient, or Coefficient of Coancestry (often 

symbolized f or k) is the probability that at a given locus, an allele sampled from one individual 

is identical by descent to an allele sampled at random from that locus in a second individual. 

The optimal strategy is thus giving priority for reproduction to individuals with lowest mean 

global coancestry with the rest of individuals in the population. This methodology is known as 

Optimal Contributions (OC) and is widely used in conservation and breeding programs 

(Fernández et al. 2003). It must be highlighted that coancestry is equal to one minus the 

expected heterozygosity (He), a classical measure of genetic diversity. Consequently, OC 

methodology maximises the level of genetic diversity kept in the population measured as He. 

Additionally, it leads to low levels of inbreeding because the inbreeding of the offspring is the 

coancestry of the parents. 

Once the contribution (i.e., number of offspring) of parents is decided, the amount of diversity 

transmitted is fixed. Nevertheless, extra reductions in the level of inbreeding can be achieved by 

avoiding the mating between relatives. The simplest way to implement this strategy is to 

establish a particular threshold over which matings are banned (e.g. full-sibs, common 

grandparents, …). A sequential approach would look for the male with the lowest coancestry 

with the most relevant female, then for the second pair and so on. However, the optimal 



 

strategy is to decide all matings at once in such a way that the average coancestry between 

mating pairs is minimized (the so called minimum coancestry mating) (Toro et al. 1988). 

By definition, founders are the individuals from which an ex-situ conservation population starts 

(usually, individuals captured from the wild). It must be noted that the genetic diversity available 

in the conservation program is the one present in its founders. A careful selection of founders is 

thus crucial to maximize the starting genetic diversity and consequently the success probability 

of the whole program. 

A precise genealogical information for founders is usually lacking so they are often assumed to 

be non-inbred and unrelated to each other. In this situation, and recalling that founders are the 

only source of genetic diversity that enters into the population, a commonly assumed objective 

of conservation programs is to equalise the contributions/representation from all founders: i.e., 

giving them the same opportunity to transmit their genetic information. However, this 

methodology, which is directed to maximise the effective number of founders, does not account 

for the drift occurring in the intermediate generations from founders to present (reflected in the 

effective number of non-founders). The correct parameter to be controlled is the number of 

genome equivalents (NGE) or Founder Genome Equivalents (FGE), which takes into 

consideration all generations (Caballero & Toro 2000).  

Additionally, founders of the captive program are usually taken from small populations, 

sometimes under low census during several generations, so they are likely to be genetically 

related and inbred. In this scenario, where some genetic ‘redundancy’ occurs between 

founders, the strategy of equalising founders’ contributions is not optimal. It is thus critical to 

obtain a good estimation of the real relationships between founders in order to perform an 

accurate management of the population. 

 

1.4 The demographic and genetic history of Iberian lynx 

Insights into the demographic history of the Iberian lynx at different time depths have been 

obtained from paleontological and archaeological data, historical records, interviews, written 

historical documents, and from genetic and genomic data. The species extended to southern 

France and northern Italy in the Late Pleistocene and early Holocene, but has probably 

remained restricted to the Iberian Peninsula in the last few millennia. It is generally assumed 

that the species has been widespread across the Mediterranean climate area, although the 

distribution was already fragmented and largely restricted to the southwestern quarter by the 

16th century and through the mid 20th century. Since then, the species went through an intense 

process of decline, fragmentation and extirpation that left only two small and isolated 

populations in Doñana and Andújar (Sierra Morena mountains) with less than 100 individuals in 



 

total. The occurrence of a drastic population contraction around 300-400 years ago is also 

supported by genetic data.  

The recent decline of Iberian lynx had a dramatic effect on its genetic variation. Levels of 

diversity are among the lowest reported for any species, and there was a strong genetic 

differentiation between the two remnant populations (Casas-Marce et al. 2013). Genetic 

diversity was significantly higher in the past decades and has progressively declined in most 

subpopulations, including the remnant Doñana and Andújar populations, although mitochondrial 

diversity was already low a few millennia ago. Genomic studies have also shown the 

accumulation of moderately deleterious variants due to the relaxation of purifying selection in 

Doñana in comparison to Andújar (Lucena-Perez et al. 2021), and the reduction of the load of 

highly deleterious (partly) recessive mutations in Iberian lynx with respect to the more abundant 

Eurasian lynx due to purging (Kleinman-Ruiz et al. 2022).  

Evidences for reduced fitness associated to genetic erosion in remnant Iberian lynx populations 

include: i) decrease in litter size, and an increase in disease-associated mortality in recent years 

in Doñana, concomitant with reductions of genetic diversity, indicating that Doñana population 

may have already entered an extinction-vortex dynamic (Palomares et al. 2012); ii) high 

incidences of glomerulonephritis and lymphoid depletion (Jiménez et al. 2008; Peña et al. 

2006), and a high virulence of a recent feline leukaemia virus epidemics (Meli et al. 2010).; iii) 

individual heterozygosity correlating with semen quality in both populations (Ruiz-López et al. 

2012). Additional reverse evidence is provided by the increased fitness of admixed individuals in 

the captive population (Cuenca-Cambronero et al. 2019), and in the Doñana population 

following translocations (López et al. 2015). Finally, several deleterious traits have been 

observed at relatively high frequencies in the captive population, including cryptorchidism and 

idiopathic juvenile epilepsy (Minguez et al. 2021). 

Active conservation measures in the last two decades have reverted the species decline, with 

latest census estimating more than 1.600 individuals distributed in two remnants plus several 

reintroduced populations (https://www.miteco.gob.es/es/biodiversidad/temas/inventarios-

nacionales/informecensodelinceiberico2022_tcm30-569643.pdf). Conservation measures have 

included an ex-situ breeding program, translocations of individuals for genetic restoration and 

an ambitious reintroduction program based on the release of captive-bred individuals.  

The captive breeding program of Iberian lynx started in 2004, has progressively incorporated up 

to 56 founders from the two remnant populations and has produced 631 individuals born in 

captivity, of which 475 survived beyond 2-month-old by 2022. The program maintains an 

exhaustive studbook and records health, behavioural and reproductive data (Vargas et al. 

2009), and is subjected to a genetic management based on genealogical information and 

molecular marker data, which has succeeded in assuring a good representation of the remnant 

genetic variation and in maintaining adequate levels of genetic diversity and inbreeding 

(Kleinman-Ruiz et al. 2019).  



 

In 2007, for the first time, a male was translocated from Andújar to the eroded Doñana 

population in an attempt to restore genetic diversity and hopefully improve demographic 

parameters. This first translocated animal was highly successful in the following years, whereas 

only a few of the other subsequent releases reproduced.  These translocations have collectively 

resulted in an improvement of genetic and demographic parameters, becoming a potential 

example of a successful genetic rescue (López et al. 2015; Simón et al. 2012).  

Finally, 364 captive born individuals have been released at six selected reintroduction areas in 

the period 2014-2022, at a rate of 30-40 individuals per year. Reintroduction areas have 

continuously increased in population size, not only because of the annual releases, but, most 

importantly, also by in situ births: up to 562 cubs born in the reintroduction areas have been 

recorded and incorporated in a captive-reintroduced pedigree. Three of the reintroduced 

populations (Guadalmellato, Guarrizas and Eastern Sierra Morena) are demographically 

integrated with the remnant Andújar population through frequent natural dispersal. The other 

three (Vale do Guadiana, Matachel and Montes de Toledo) remain largely isolated, 

experiencing only occasional migration and gene flow with other populations. Two new 

reintroduction areas started in 2022: Sierra Arana in Andalucía, and Lorca in Murcia. Also, 

several small and relatively isolated breeding nuclei have been established outside the target 

reintroduction areas by natural colonization, whereas other are planned to be created through 

the release of animals to serve as stepping-stones to facilitate dispersal between populations. 

 

  

1.5 Management units 

The species distribution is currently complex, covering a diverse array of population types and 

demographic and genetic situations. For the purpose of the integral genetic and demographic 

management of the Iberian lynx the following units are defined:  

 

1.5.1 Ex-situ breeding population 

The Iberian lynx ex situ breeding Programme was initiated in 2004 as part of the National 

Strategy for the Conservation of the Iberian Lynx, initially endorsed by the Spanish National 

Commission for the Protection of Nature, but soon incorporating Portugal, where its own plan 

was officially approved. International, national and regional administrations collaborate and work 

co-ordinately in the Programme, including the central governments of Spain and Portugal, 

together with the autonomous governments of Andalusia and Extremadura, Spain. The 

Programme currently integrates five dedicated breeding centers with a total of 78 individual 

enclosures hosting 100-140 lynxes.  



 

 

1.5.2 Wild remnant populations 

Doñana-Aljarafe. Doñana population is one of the only two Iberian lynx populations surviving by 

2002 with an estimated census of 41 individuals and an effective population size around 10. 

Historical genetic reconstructions based on microsatellite data suggest this population has 

remained small and isolated from the rest of the distribution for the last 40 generations (Casas-

Marcé et al. 2017). They also reveal a progressive loss of genetic diversity in the last decades 

reaching levels of 50% of the historical overall diversity in the period 2002-2007. Population 

inbreeding coefficients estimated with different molecular data and approaches range from 0.32 

to 0.61. The accumulating evidence of concomitant reductions in litter size and increases in 

non-traumatic mortality pointed to a very critical situation (Palomares et al. 2012). The large 

mortality caused by a Leukemia Virus epidemic, prompted the translocation of a first male from 

Andújar in 2007 (López et al. 2015; Simón et al. 2012). The successful reproduction of this 

male, some of his descendants and a few of the subsequently translocated animals gave rise to 

individuals with different levels of admixed ancestry, generally lower inbreeding and increased 

genetic diversity. Since then, the population has expanded to new territories in Aljarafe and 

census size has increased over 100 in 2022. 

  

Sierra Morena. Andújar-Cardeña was the second Iberian lynx population remaining in 2002. In 

contrast to the isolated and stably small Doñana population, Andujar-Cardeña was part of a 

large and well-connected population until the 1970s that became progressively smaller and 

more isolated until reaching an estimated census of 53 and effective size of around 20 in 2002. 

Consequently, its genetic diversity is higher than Doñana’s and closer to the diversity of the 

historical metapopulation (84% of the historical heterozygosity), with inbreeding estimates 

ranging from 0.06 to 0.17. Contrarily to Doñana, Andújar-Cardeña population stabilized and 

grew soon after the implementation of in situ conservation measures, reaching 268 animals in 

2022. Starting in 2009, captive animals were released in neighbouring areas of Guadalmellato 

(Cordoba) and Guarrizas (Jaen), followed by releases in Sierra Morena Oriental (Ciudad Real) 

starting in 2014. An additional breeding nucleus was founded in Sierra Morena Occidental 

(Ciudad Real) by natural dispersal. Given the level of consolidation of these neighbouring nuclei 

and their high connectivity with the Andújar-Cardeña population, the whole Sierra Morena 

population is considered now as a single population for genetic management and monitoring 

purposes, with an estimated census of 782 animals in 2022. 

  

1.5.3 Wild reintroduced populations 



 

Extremadura. Reintroductions in Extremadura started in 2014 at Matachel Sur (Badajoz), but up 

to five breeding nuclei were established in the region through natural dispersal by 2022 with a 

total of 195 lynxes: Matachel Sur (138 animals), Ortigas (23), Valdecigüeñas (11) and 

Valdecañas/Ibores (23). Most of these nuclei are within 60 Kms of Matachel Sur, except for 

Valdecañas/Ibores (Cáceres) that is 200 km away and closer (150 km) to the reintroduction 

area of Montes de Toledo (Ciudad Real).  

Montes de Toledo. Montes de Toledo was once the largest Iberian lynx population and it 

remained well connected to the Sierra Morena population until its extirpation in the late 20th 

century. Consistent with its demographic history, Montes de Toledo harboured the highest 

genetic diversity among historical Iberian lynx populations. The population was also re-

established through reintroductions starting in 2014 and has grown to a census size of 272 

animals in 2022, spread over a quite continuous area separated by more than 250 kms from 

other Iberian lynx populations, with the exception of the still incipient Valdecañas/Ibores nucleus 

150 km apart, at the frontier between Cáceres (Extremadura) and Toledo (Castilla-La Mancha).  

Vale do Guadiana. The Iberian lynx was considered extinct in Portugal by 2004, until 

reintroductions started in 2014 in Vale do Guadiana. The population size was 261 animals in 

2022, spread among the original release site at Mértola, and naturally recolonized nuclei at 

Serpa and Alcoutin (at 45 north and 35 km south of Mértola, respectively).  

 

2 Demographic management of the captive population  

Regarding the management of the genetic and demographic risks for the population, the criteria 

to be followed should be the larger the better. Larger populations will generally show a larger 

effective size and thus a reduced rate of loss of diversity and increase of inbreeding than 

smaller populations. However, facilities are limited by their carrying capacity, so no new animals 

can be incorporated without removing others. For a given total number of individuals, the 

genetic management goal is thus the maximisation of effective population size. 

It must be pointed out that beyond the total number of animals, for the demographic viability the 

distribution of individuals among age-classes is also a critical issue. A ‘healthy’ population will 

have a large base of the demographic pyramid (i.e., number of individuals inversely proportional 

to the age) to assure that the program will not run out of breeders when current parents get old. 

The number of newborns to be kept each year in the captive population should be carefully 

selected to fulfil the above criteria, and based on the particular animal culled each year and the 

new animals that may eventually become incorporated from the wild. Additionally, which specific 

animals to keep can be selected to maximize the genetic diversity. 

 



 

2.1 Preliminary treatment of demographic data 

Before conducting the planning or projection of the demographic needs of the captive population, 

it is necessary to update and prepare the demographic data: define the population with 

reproductive potential and adjust the values of demographic variables. 

In the captive Iberian lynx population, it is common to detect differences between the number of 

animals housed in the ex-situ program facilities and the number of animals that are actually 

accounted for in the genetic management of the population. These differences are due to 

individuals that, according to various criteria detailed in the following section, are excluded from 

genetic management each season but continue being housed in the breeding centres. 

Simultaneously, based on the data recorded in the Studbook of the captive population, life tables 

for males and females are calculated. These tables are automatically updated as the sample size 

increases for each age range and provide values for the following variables: Survival Rate (Px); 

Mortality Rates (Qx); Survivorship (Lx); Fecundity (Mx); Life Expectancy (Ex); and Reproductive 

Value (Vx). 

PMx allows the manual edition of the calculated values for demographic variables in the life tables, 

enabling a better adjustment to the project's reality and smoothing them to reduce the effect of 

differences in sample size among different age ranges than could exist. 

 

2.2 Specific Considerations for the Iberian Lynx 

-Management of Reproductive Onset Age: Only females from their third year of life onwards will 

be used for reproductive purposes. This is primarily due to the higher failure rate obtained in 

subadult females (2-year-old) during the initial years of the breeding program, which resulted in a 

higher number of cub abandonments. Therefore, when planning demographically, the value of 

the Fecundity variable for the first two age ranges of the female life table should be treated as 

null. 



 

 

-Reproductive senescence. The Iberian lynx has shown high reproductive success in captivity 

for most of their lifespan. Reproductive success for both females and males stay above 76% 

between age 3 and 13 and declines progressively thereafter. This is particularly relevant in the 

case of females, although the decrease in fertilization success beyond this age is more 

moderate than in males, the success of natural rearing of at least one cub diminishes to a level 

that goes against the program's objectives of minimizing artificial rearing of captive-born cubs. 

Therefore, animals older than 14-year-old can be designated as post-reproductive. For 

demographic planning purposes, the Survival Rate value should be considered null from the 

age of 15 onwards in the life tables of both sexes. 

 

2.3 Criteria for culling  

Animals are annually excluded from reproduction and culled from the captive breeding 

population for genetic and demographic management purposes due to one of these criteria: 

reproductive senescence, genetic overrepresentation, genetic disorders, health problems, 

abnormal reproductive behaviours. 



 

Reproductive senescence. As justified in the previous section, the Iberian lynx has shown high 

reproductive success in captivity for most of their lifespan. Reproductive success for both 

females and males stay above 76% between age 3 and 13 and declines progressively 

thereafter. Therefore, animals older than 14-year-old can be designated as post-reproductive 

and culled of the captive breeding population for genetic and demographic purposes.  

Genetic overrepresentation. Given that the maximum number of matings attempted every year 

has been below 30 due to space limitations, animals which rank consistently well below 30 in 

genetic priority, as estimated by mean kinship (MK), can be declared as surplus and culled of 

the captive breeding population. This decision is even clearer for animals that additionally have 

an advanced age, which diminishes the likelihood of gaining genetic significance within their 

reproductive lifespan, It must be noted that MK is a dynamic variable, which will change 

annually with new recruitments and cullings. 

Genetic disorders. Around 4% of the puppies born in the ex-situ program, and 6% of those 

surviving beyond 2 months of age, present some type of genetic disorder which precludes their 

reproduction. Disorders include cryptorchidism and idiopathic juvenile epilepsy. Animals 

showing these syndromes have been excluded from reproduction and declared surplus animals. 

Epilepsy has been further managed since 2016 by assuming a recessive Mendelian inheritance 

and, thus, avoiding the mating of proven carriers. This strategy has resulted in the reduction of 

its prevalence to zero since then.  

Health Criteria. Animals whose reproduction is not advisable or possible due to health issues. 

These problems can be temporary or permanent, and in the latter case, the removal of the 

individual from the breeding population of the program becomes necessary. 

Ethological Criteria. Specimens that, due to behavioural issues, have not achieved successful 

reproduction despite repeated attempts in the ex-situ program. 

 

2.4 Demographic needs and production potential of the captive population 

The “Reproductive Planning” tab in the “Demography” section of PMx can be used to determine 

how many births and litters are needed to reach a desired target population size or a growth 

rate over a specified time period, given the actual demographic structure and estimates of 

demographic parameters. When the goal is to maintain a constant size and reproductive 

potential, the target size can be set to the current size, and then the program outputs the 

number of births needed to replace the animals entering post-reproductive age.  

For this calculation, it is necessary to have the updated values of reproduction success rate for 

pairs, average litter size, population growth rate, as well as the survival rate of individuals 

belonging to the 0-1 age range. 



 

This analysis was performed for the captive Iberian lynx population in August 2023, considering 

a maximum reproductive age of 14 years-old for both males and females, an average litter size 

of 2.43 and a rate of survival to 1 year-old of 62%. The results were that between 9 and14 

newborns will need to be recruited into the captive population in order to maintain a constant 

size of 100 animals over the next 12 years. 

  

The same tool can be used to calculate the number of pairs needed for a desired number of 

births by using the “Enter births” option. For example, the program calculates that 24.8 pairs 

need to mate in order to produce 50 births, given a probability of success of 0.83 and an 

average litter size of 2.43. When the goal is to produce as many animals for reintroduction as 

possible, the main limitation is the number of pairs that can be established given the space and 

infrastructure availability. The average number of pairs established in the period 2012-2023 has 

been 26.2 (range:19-29), which gave birth to an average of 50.5 cubs (range: 36-61), of which 

39.8 survived beyond 180 days (range: 23-53).  

The number of cubs available for reintroduction in a given year is calculated as those surviving 

minus those being recruited into the captive population. 

 

3 Genetic management of the captive population 

3.1 To mix or not mix 

As the Iberian lynx decline resulted in two isolated and genetically differentiated populations, a 

decision had to be made between managing them separately or managing them conjunctly as a 

single unit. As stated above, the decision must be based on the relative risks of inbreeding 

depression vs. outbreeding depression. The risks of outbreeding depression are usually 

associated with long-term isolation and/or the existence of adaptive divergences caused by 

local adaptation. Studies using present and historical samples of lynxes determined that the 



 

genetic divergence between the two remnant populations was compatible with a process of 

pure genetic drift since their isolation, dated 200 years ago (Casas-Marcé et al. 2017). Although 

the differences in occurrences of some traits were evident (e.g. patterns and colour of the spots) 

these did not seem to be associated with a differential fitness (i.e., probability of survival or 

reproductive success). Moreover, particular patterns of spots nowadays absent of one 

population were present in historical individuals from this same population (Beltran & Delibes 

1993). On the other hand, the risk of inbreeding depression was estimated as high given the 

high levels of inbreeding, especially in Doñana, and empirical evidence for lower semen quality 

in inbred individuals and a high frequency of other possibly genetic diseases. Consequently, the 

species was managed as a single genetic unit, promoting the mixing of the two genetically 

differentiated stocks in captivity and in the wild through translocations. The observation of 

similar or even higher fitness of individuals of admixed ancestry validated this approach, 

indicating that outbreeding depression was not a problem. 

 

3.2 Genetic goals 

The genetic goal for captive populations is usually set as the retention of 90% of initial diversity 

within 100 years. The required population size and the proportion of genetic diversity retained 

for a particular scenario can be predicted from survival and reproductive parameters and for 

alternative demographic scenarios with varying carrying capacity and rate of incorporation of 

new founders using the “Goals” Section of PMx. The genetic and demographic goals for the 

Iberian lynx captive populations were initially established by (Vargas & Lacy 2004), who 

determined that 26 founders in the first five years plus one additional founder every two years 

and a carrying capacity of 60 animals were necessary for the preservation of 85% of the initial 

genetic diversity for 30 years. These initial prospects have been largely surpassed, with the 

current population having incorporated 56 founders and with an estimated carrying capacity of 

100 by 2023, when accounting for all the active breeding centres. Under this scenario and with 

the updated empirical estimates of demographic and genetic parameters (generation length: 5.5 

years; maximum potential lambda: 1.1359; Ne/N: 0.58; initial Gene Diversity: 0.8898; Maximum 

N: 100), the diversity retained is predicted to be 86.5% within the first 30 years of the program 

(by 2034), and 78% within the first 100 years (by 2104) if no additional founder is incorporated. 

The standard goal of retaining 90% of initial diversity in 100 years would require the 

incorporation of 1 additional founder every five years. 



 

 

 

These goals are theoretical predictions based on life-history parameters and genealogy, and 

they refer to the diversity represented among founders, which is taken as the starting baseline 

of 100%. This initial diversity among founders can be empirically estimated from molecular 

markers and has two components: the within population component and the between population 

component. In 2017, these were estimated with microsatellite markers, and in 2022 estimates 

were obtained for a panel of 283 SNPs (Appendix 1) (Table 1). This values can be taken as 

reference for the monitoring of genetic diversity in the different lynx populations using these 

same markers. 

Table 1. Expected heterozygosity (He) and genetic differentiation (Fst) among the founders of the captive 
population from each remaining population. Two estimates made with two panels of different markers (36 
microsatellites and 283 SNPs) in two different years (2017 and 2022, respectively) are shown. 

 

  36 STR (2017) 283 SNPs (2022) 

Doñana 0.300 ± 0.038 0.375 ± 0.134 

Andújar-Cardeña 0.460 ± 0.031 0.436 ± 0.085 

Global 0.533 0.478 

   

Fst (Don-And) 0.370 0.259 

 



 

3.3 Estimation of the kinship matrix  

Ignoring the existing relationships between founders when establishing a captive breeding 

population may lead to incorrect management decisions. Consequently, the first step in the ex-

situ Iberian lynx program was to estimate such relationships from the molecular information 

available at that time (namely, genotypes for 36 microsatellites; Appendix 1). Due to the special 

structure of the wild populations of lynx, with two remnant populations (DON and SMO) isolated 

for the last decades, the appropriate estimator should account for this fact.  The chosen method 

was the WEDS estimator developed by Oliehoek et al. (Oliehoek et al. 2006), which is able to 

deal with situations where founders come from two different populations/ancestries that differ in 

allelic frequencies. The option of correcting to make the regression of pedigree coancestry to 

molecular estimate (β2) equal to one was adopted. Calculations were performed using the 

software REA (Relatedness Estimator Application). However, the above method sometimes 

provides estimates outside the typical range (i.e., negative and/or greater than 1). In order to get 

more interpretable relatedness and congruent coancestry matrices, the WEDS estimates were 

transformed afterwards following the Fernández and Toro (2006) methodology (Fernández & 

Toro 2006), implemented in the MOLCOANC software. 

Starting in 2022, the estimation of the relatedness among founders is based on the combined 

dataset of existing 36 microsatellite marker genotypes and novel genotypes for 283 SNPs. In 

2023 and following years the estimates are based exclusively on SNP genotypes. 

This “empirical kinship matrix” is introduced into PMx and given weight 1 for the calculation of 

the kinship matrix among all individuals in the genetically managed set, which serves as the 

basis for most of the management decisions, including the selection of animals for recruitment 

to the program, for reproduction, and for culling.  Note that the marginals of such a kinship 

matrix will provide the mean kinship (MK) of each animal in the breeding program, which can be 

used as a measure of their genetic relevance for the program. In the following sections the 

protocols to perform these procedures will be further developed. 

 

3.4 Redistribution of animals among breeding centres 

In ex situ conservation programs of wild and domestic species, the fragmentation of population 

(i.e., subdivision into different breeding groups) may be intentional for logistic reasons (e.g., 

limited space and facilities to keep the population in a single location). Even if this is not the 

case, population subdivision is a safety procedure to minimise the risk from different hazards 

(e.g., fires, predator’s attacks, infectious disease outbreaks) that can threaten the conservation 

program. Such events can lead to local extinctions (i.e., loss of individuals in a particular 

subpopulation), but the rest of groups would remain and, therefore, the program will be able to 

go on. 



 

Although the criteria and objectives in all subpopulations are the same and coordination exists 

between centres, during the routine management of the ex-situ program, the genetic 

conformation of centres may drift from each other just by chance. For example, different 

numbers of cubs may survive from each litter, different individuals culled due to several causes 

(diseases, behaviour, age, …). This could distort the genetic distribution as well as the sex ratio, 

intended to be close to 1:1. Consequently, there is a need to reorganise periodically the 

allocation of animals to re-establish the equilibrium. For the captive breeding centres to be 

equivalent and act as ‘back-up’ of the rest, each of them should ideally harbour the same 

genetic diversity. This can be achieved by compensating the accumulation of close relatives in 

the same centre through periodic relocations of individuals among centres. The optimal 

distribution is that which minimises the within-subpopulation coancestry. Low levels of 

coancestry within centres mean high levels of genetic diversity within, low levels of diversity 

between and, as a side effect, little genetic differentiation between centres. An additional 

advantage of this strategy for the distribution of animals arises from the fact that mating is 

performed within centres, to avoid the movement of parents right before the breeding season. 

Having few relatives in each centre helps in the avoidance of the mating between them and, 

thus, to a better control of the inbreeding in the offspring. 

The redistribution process starts with the elaboration of a list of animals available for relocation 

and those that should remain in their current centres. The total number of individuals that each 

centre can harbour will be another parameter to account for. Different proposals are then 

generated with the program REORGANISE (ad hoc software, see Appendix 1), differing on the 

allowed numbers of movements, from a complete reorganisation (i.e., no restriction on the 

number of migrants) to a maximum of one migrant per centre.  

 

3.5 Prioritisation of animals for reproduction and evacuation  

The genetic interest of individual animals for the program is based on their genetic uniqueness 

(i.e., the proportion of genetic information not shared with the rest of the population), which in 

turn determines its future potential contribution to the maintenance of the overall genetic 

diversity in the program. The genetic uniqueness of each individual is captured by its mean 

kinship with all other animals which are still active in the program (i.e., available for reproduction 

in this or subsequent rounds). Therefore, mean kinship can be used to prioritise individuals for 

reproduction in each breeding season. 

A list of reproductive individuals ranked by increasing mean kinship is generated each breeding 

season using PMx. The genetically managed set will be updated to exclude animals which died 

or were released, or have been excluded from reproduction because of genetic diseases, 

genetic overrepresentation, old age, or any other cause during the previous year (see chapter 

“culling”). Then, the kinship matrix will be recalculated taking into account the empirical kinship 



 

matrix among founders (weight = 1). The MK and MKrank of each individual can be extracted 

from the Genetics/Genetic Details/Management sets or individual data in PMx. 

The same procedure is used to prioritize animals for evacuation in case of an emergency. All 

breeding centers have evacuation plans in place that consider the possibility of capturing all 

individuals housed within the center in the event of an emergency. Given the difficulty and time 

required for individual capture, centers demand an updated priority list of individuals each year, 

primarily before the start of the summer season when the risk of forest fires increases. This list 

enables prioritization of individuals with greater genetic significance in case there is not enough 

time for a complete evacuation. This prioritization is carried out in the same manner as the 

individual prioritization for breeding mentioned in the previous section, but including all animals 

housed in the center, including the cubs born in the same year. 

 

3.6 Genetic relevance of upcoming litters 

Every year, the ex situ programme centers demand a genetically prioritized list of potential litters 

that could be born from the pairings established in the current year. With this information, 

managers can adjust their intervention decisions in response to issues or unforeseen 

circumstances that arise during the breeding period. For example, with this information they 

may decide to hand-raise an abandoned cub that ranks high in genetic relevance, securing its 

maintenance as a future breeder in the ex-situ program. On other hand, there might be a 

decision to put greater emphasis on adoption attempts for an abandoned cub that ranks lower in 

genetic relevance and thus have less chances to be prioritized as breeder in the future. In such 

cases, a more sensible option could be to release the litter into a wild population, making 

natural rearing a priority over artificial rearing. For yet unborn litters, the priority ranking is based 

on the average of sire’s and dam’s MK. 

 

3.7 Design of mating schemes  

Once the animals to be used for generating the next offspring have been decided, the main 

objective when planning the breeding pairs is to avoid the mating between close relatives in 

order to limit the rise of inbreeding. The corresponding tool in PMx software makes mating 

decisions in a sequential process: first it determines the best (i.e., lest related) male for the most 

‘relevant’ female in terms of its MK; then the second female is assigned another mate from the 

remaining males; then a third allocation, and so on. This may be a sub-optimal procedure 

because the degrees of freedom reduce as the process goes on, leading to the generation of 

‘bad’ couples (i.e., with high coancestry between pair) in the last rounds. 



 

In the ex-situ conservation program for the Iberian lynx, a formal minimum coancestry mating 

design is performed, which simultaneously optimise the whole set of couples, so that the global 

average coancestry of all pairs is minimised. In this way, it may be optimal, for example, to mate 

a female with its ‘second best’ male to allow a better option for the remaining females. 

Moreover, PMx also encourages performing an assortative mating scheme based on the mean 

kinship of the pair: i.e. females are preferentially mated to males with similar MK value. In the 

current management of the Iberian lynx this is not implemented, because this would generate 

litters from two individuals, both with higher MK values and, thus, their offspring would rarely be 

selected in subsequent breeding seasons. Notice also that, as the final objective is maximising 

the maintained genetic diversity, this implies somehow equalising the representation of all 

lineages. Consequently, in a few generations all candidates will have not very different MKs 

(priorities). 

As discussed above, for welfare and logistic reasons, matings are always performed between 

males and females living in the same centre. Therefore, solutions from the global optimisation 

provide a set of matings for each of the breeding centres. Although all a priori restrictions are 

included in the optimisation, optimal global solutions are evaluated by managers and, if 

additional impossible or inconvenient matings are identified, a second round of optimization is 

performed incorporating these new restrictions. 

 

3.8 Evaluation of potential founders 

Since the start of the Iberian lynx ex situ conservation program, founders have mostly been 

selected opportunistically, e.g. injured animals or orphan offspring, without a proper genetic 

evaluation. At the current stage of the ex-situ program (i.e, a steady state where carrying 

capacity has been already reached) the incorporation of new founders should now be based on 

a proper genetic evaluation of its potential contribution to the overall genetic diversity of the 

program. Relevance for the ex-situ program of a new founder should be evaluated following the 

same principles and tools (i.e. the same set of markers) used to establish the relationship 

between founders. The coancestry matrix between founders is recalculated after including the 

candidate and this matrix is incorporated into PMx for the calculation of the MK of the putative 

founder with all active animals (genetically managed set). The position of the new animal in the 

ranking of MKs inform on to which extent its genetic information is already present in the current 

population and, thus, if its incorporation could be relevant or not. In this way, we can avoid the 

incorporation of a candidate which, due to its high MK, may never be selected for breeding. In 

some cases, the available information derived from the monitoring of the in-situ population may 

be enough to anticipate a high MK and to exclude the candidate in the absence of marker data 

(e.g., when the candidate is a descendant of two captive-born lynx released in the past). 



 

 

3.9 Selecting newborns for recruitment into the captive population  

To fulfil the demographic requirements (e.g., to maintain population size; see also the section 

about Genetic goals above) captive-born cubs have to be incorporated to the ex-situ program to 

replace reproductive lynx dying or being excluded from reproduction for whatever the reason. 

When more animals are born than needed, we need to decide which animals to keep in captivity 

and which to release in nature. The objective is keeping the set of newborns which maximises 

the global diversity of the captive population or, equivalently, the set with the lowest average 

kinship (remember that He = 1 - f, i.e., coancestry is opposite to diversity). For this purpose, the 

whole set of animals are chosen at a time and not on a one-by-one basis (see discussion above 

on the advantages of group vs. sequential selection). 

 

3.10 Identifying over-represented animals for culling 

Given the limited capacity of the centres, animals staying in the program need to be selected 

based on their current and future potential contribution to the genetic diversity of the population. 

An individual should be culled once its genetic representation in the population is high enough, 

i.e. when the genetic information of that particular animal is already present in a large number of 

individuals. If this is the case, transmission to the next generations of the specific genetic 

information of culled animals is not greatly compromised, as it can be transmitted by one of its 

relatives. As discussed above, a good measure of the level of genetic representation of an 

individual is its mean kinship with all still active (i.e., available for reproduction) animals. 

 

As global coancestry/kinship evolves (increases) with time, it is not possible to fix a particular 

threshold of MK to cull an individual; instead, the ranking of mean kinships will determine the 

relative importance of each animal for the program. When an individual appears in a low 

position in the priority list during several reproductive seasons, it is highly unlikely that it may be 

required in the future and, therefore, becomes a clear candidate for culling. Nevertheless, a 

sensible strategy should be taking culled animals to zoos or similar facilities, where they would 

remain available for their reincorporation to the program in case the genetic composition of the 

captive population greatly changes, making those animals ‘useful’ again. 

When a genetically valuable individual must be removed for non-genetic reasons (physiological, 

logistic, …), then sampling genetic material and storing it in germplasm banks could be useful to 

preserve its genetic variation in a way that could eventually be used for assisted or in vitro 

reproduction. The type of material to be cryopreserved could include semen, oocytes or 

embryos. It must be highlighted that the usefulness of a germplasm bank depends on the 



 

probability of success when reintroducing the material into the living population. Thus, research 

on the development and optimization of protocols to perform artificial and in vitro insemination, 

as well as embryo transfer, is needed to maximize the probability of generating offspring from 

archived biological materials. 

 

3.11 Management of genetic disorders 

Although the general objective, from the genetic point of view, is the maintenance of the highest 

levels of genetic diversity, sometimes genetic defects appear which can compromise the 

viability of individuals and the global success of the conservation program. Moreover, keeping 

animals with severe defects maybe unethical and against welfare principles. Consequently, it is 

sensible to try to eradicate those defects by performing some kind of selection. However, the 

process of selection implies the reduction of genetic diversity and, thus, it has to be carefully 

considered and performed. Obviously, urgency on the removal of the defect will depend on the 

real impact on the population fitness and its prevalence. 

Ideally, the genetic nature of the defect, i.e., genetic factors control or trigger the rise of the 

defect has first to be assessed. If this is confirmed, in a second step the mode of determination 

needs to be ascertained. Basically, we can find a couple of extreme situations: i) a single (or 

few) locus (loci) with large effect is (are) responsible for the outcome; ii) the defect corresponds 

to a polygenic trait, controlled by a high number of loci with small effect. 

In scenario i) we can estimate the most likely genotype for each candidate through segregation 

analysis, classifying animals in terms of their probability of harbouring and transmitting the 

deleterious genetic information. Alternatively, we can search for the actual causative mutation or 

a tightly linked marker performing Genome Wide Association Studies (GWAS). Once this is 

determined, the ‘value’ of an individual will be estimated by the number of copies of the allele 

linked to the appearance of the defect it carries. 

In scenario ii) (polygenic defect) a genetic evaluation of candidates to selection should be 

performed to estimate the breeding value of each animal (using the Best Linear Unbiased 

Predictor methodology, BLUP). This way we can predict the probability of a particular parent to 

generate affected offspring and, thus, avoid or promote its use. 

In both situations, the selection strategy will have to balance the reduction in the genetic value 

of parents for the defect with the maintenance of genetic diversity. The objective can be 

formulated as minimising the genetic level for the defect (i.e., using as parents animals with 

lower breeding values), while imposing a restriction on the loss of diversity (through the 

limitation of the increase in coancestry or the expected effective population size, Ne). 

Alternatively, the optimisation will try to maximise Ne with a restriction on the maximum 

acceptable value for the defect. 



 

In the captive lynx population, a couple of defects with likely genetic bases are idiopathic 

juvenile epilepsy and cryptorchidism. Evidences of their genetic bases have been reported in 

the literature for other species, and has been confirmed in the Iberian lynx in the case of the 

epilepsy. The current management of these defects follows a simple procedure: avoid the use 

(reproduction) of affected animals and the mating between suspected carriers of the deleterious 

information (those having produced affected offspring in the past). When more information on 

the genetic determination of these defects become available, Marker Assisted Selection or 

selection based on estimated breeding values will become an option. 

 

4 Genetic management of reintroduced and remnant populations  

Reintroduced populations are particularly prone to experience genetic drift due to a usually 

small founding population (founder effect) and a period of small population size until the 

population consolidates and grows to its carrying capacity. The effects of drift are counteracted 

by gene flow, but again recently reintroduced populations, and certainly those of Iberian lynx, 

are often totally or partially isolated. The consequent loss of genetic diversity and accumulation 

of coancestry and inbreeding can reduce the long- and short-term viability of the populations. It 

is thus critical for any reintroduction attempt to implement a sound monitoring and management 

program to minimize these negative effects, and the minimum kinship strategy has been 

identified as the optimal one for this purpose. 

The type and intensity of genetic management that can be implemented ultimately depends on 

the type (genealogical, molecular), completeness and accuracy of the genetic information that is 

available or can be obtained. Furthermore, the management strategy, and thus the data 

requirements, will vary as populations progress from the founding, consolidation and carrying 

capacity phases. In the case of the Iberian lynx, we can anticipate three different scenarios: 

Founding/releases/establishment. The dynamics of the population is driven by releases and in 

situ reproduction and survival. The availability of intensive monitoring data provides an (almost) 

exhaustive genealogical information supported by marker data, which allows for a dynamic 

management that constantly updates kinships based on best available information. This has 

been the situation of the first reintroduced Iberian lynx populations in Vale do Guadiana, Montes 

de Toledo and Extremadura since the start of the reintroduction program in 2015 until 2023, 

when releases were reduced to anecdotal, and also of the reintroductions starting in Sierra 

Arana and Lorca in 2023. 

Carrying capacity/regulation. Releases are no longer performed systematically and the 

population is at or near carrying capacity. The size of the population does not allow an intensive 

individual-based monitoring, so genetic monitoring consists in periodic estimation of diversity 

and inbreeding from molecular markers from a sample of individuals. Population-based genetic 



 

management is directed to avoid inbreeding accumulation over levels that could impact 

demography, and to maximize global effective population size. This is the situation of the 

remnant population of Doñana and the population in Sierra Morena formed by remnant Andujar-

Cardeña together with neighbouring reintroduction sites at Guadalmellato (Cordoba), Guarrizas 

(Jaen), Sierra Morena Oriental (Ciudad Real) and Sierra Morena Occidental (Ciudad Real). 

Between these two phases we have a growth/expansion phase, where few or no releases are 

performed, and the population dynamics is mainly driven by in situ reproduction, survival and 

natural immigration. Management during this phase will transition from an individual-based to a 

population-based approach as genealogical and molecular information becomes sparser. This 

is the current situation of the reintroduced populations in Vale do Guadiana, Montes de Toledo 

and Extremadura  

 

4.1 Individual-based management of reintroduced populations during the 
establishment phase 

When quite complete and accurate genealogical information is available, the reintroduced 

population can be integrated in the pedigree of the captive population, using SPARKS, and 

labelling it as a new “breeding facility”. This extended pedigree can be then analysed in PMx to 

generate a kinship matrix as done for the ex situ management. Uncertain or unknown 

paternities are allowed, but they will limit the reliability of the estimated kinships. It has been 

estimated that when more than about 20% of a managed population’s pedigree is derived from 

unknown ancestry, mean kinship and inbreeding calculations become unreliable (Taylor et al. 

2015). 

Based on this kinship matrix, an optimal distribution of animals available for release among the 

recipient populations can be searched. As already stated, the aim is having the highest levels of 

genetic diversity within each recipient population (i.e., the minimum global kinship), and this is 

actually performed using the algorithm implemented in the DIVIDE software. The algorithm 

allows for the incorporation of any a priori restriction on the number, sex or identity of individuals 

to be released at each site. 

A complete and accurate genealogy is currently only available for the captive Iberian lynx 

population, and this includes captive-born animals being released at reintroduction sites. 

Extending this genealogy to include the animals being born at reintroduction sites to captive-

born parents is one major objective of the ongoing intensive non-invasive genetic monitoring 

program. The level of completeness and accuracy of this extended genealogy is yet to be seen, 

but it is unlikely to be at the levels of the captive population. 

In the absence of complete or reliable genealogical information, pairwise kinships can be 

estimated from molecular makers. This is typically the case when the candidates for 



 

reintroduction or supplementation come from the remnant populations or unknown sources. 

These animals will be provisionally incorporated in the extended ex situ plus in situ pedigree as 

founders, and their relatedness to other founders will be estimated with molecular markers and 

incorporated to the empirical matrix in PMx. Finally, their average kinship with each of the 

reintroduced populations is estimated, so the population for release can be selected as the one 

where this animal has minimal average kinship. 

Since 2015 to 2023, the selection of captive-born lynxes to be released at each of the first 

Iberian lynx reintroduction sites was made by applying this approach with the available 

information at the time. In the first years, decisions were based on previously released 

individuals, and progressively incorporated survival and genealogical information provided by 

field teams obtained from camera-trap and GPS and VHF tracking in the latter years. Starting in 

2024, it is expected that the results from non-invasive genetic monitoring will expand and curate 

these genealogies and provide population genetic parameters for subsequent population-based 

genetic management. They should also provide complete and accurate genealogies for a 

precise individual-based management of the reintroduction sites starting in 2023 (Sierra Arana 

and Lorca) and any future reintroduction site. 

 

4.2 Population-based management of established non-pedigreed populations 

The reintroduced populations will eventually shift from an individual-based to a population-

based management once the annual release of animals is stopped. During this phase, 

monitoring will be based on periodical (e.g. 5 years, aprox. one generation) estimation genetics 

parameters for populations across its range. Management will be limited to the occasional 

assisted movement of animals among populations to avoid high rates of inbreeding 

accumulation and loss of genetic diversity, and to maintain large global effective population 

sizes. Threshold values for each variable need to be established, along with specific 

recommendations on how to measure them, in order to categorize genetic status of individual 

populations, metapopulations, and the global species as “Good-Green”, “Warning-Yellow” or 

“Alarm-Red”. Red status will signal the population as in need of evaluation of the urgency for 

immediate action. An example of proposed set of variables and threshold values are indicated 

in Figure 1 (Andersson et al. 2022). The periodic measurement of these variables should be 

part of a long-term genetic monitoring program of the species (see “Methods for the genetic 

monitoring of lynx populations”). 



 

 

Figure 1. Three indicators proposed and currently applied for national use in Sweden (Johannesson & 
Laikre 2020) and their proposed threshold criteria. HE, expected heterozygosity; HO, observed 
heterozygosity; AR, allelic richness; NA, average number of alleles per locus; PL, proportion of 
polymorphic loci; π, nucleotide diversity; FROH, fraction of genome covered by “runs of homozygosity”; the 
two latter ones applicable only for sequence data. (Andersson et al. 2022) 

Management actions will typically involve the movement of animals between populations and 

these can be selected based on the same principles and tools used for the optimization of 

movements in the captive population. Specifically, source populations and set of individuals to 

translocate will be selected based on minimal coancestry to the target population using the 

algorithm implemented in the DIVIDE software, which allows for the incorporation of any a priori 

restriction on the number, sex or identity of individuals to be released at each site.  

The number and sex of individuals to move to achieve the desired outcome can be estimated 

with simulations, e.g. in Vortex, or using ad hoc individual-based spatially explicit simulation 

models, like those already used to evaluate the feasibility of the Iberian lynx reintroductions. 

Apart from responding to revert the genetic erosion in particular subpopulations when needed, a 

long-term management program of the Iberian lynx metapopulation could incorporate periodic 

redistributions of animals among subpopulations to improve the overall genetic status and 

maximize the global effective population size of the species.  

 



 

5 Management of satellite, peripheral, size-limited populations  

 

Lynx may establish naturally in locations outside the target reintroduction area, often in remote 

locations with limited carrying capacity and little likelihood of subsequent immigration. Besides, 

such small and limited populations may be intentionally created through translocations at 

strategic points to serve as stepping stones to facilitate dispersal and gene flow between 

remnant and reintroduced populations. 

Given their inherently small size and isolation, these “populations” will quickly accumulate 

inbreeding. However, given their limited demographic and genetic contribution to the overall 

population and their mostly instrumental role (in the case of stepping stones), they should 

receive less priority for an active genetic management.  

Active genetic management can be warranted in cases where the area has the capacity to 

become a subpopulation contributing to overall demographic and genetic viability. In such a 

case, animals for release at the site can be selected based on minimum kinship to resident 

individuals, as described above. In order to increase the chances of establishment and 

reproduction of the released individuals, the extraction of resident animals should be 

considered. In this case, the animal contributing most to kinship and inbreeding within the target 

population can be identified beforehand and targeted for extraction and replacement with the 

released individual. 

 

 



 

 

6 Appendix 1: Methodological issues 

6.1 Genetic markers and genomic data 

The study and application of genetics in the Iberian lynx has incorporated different kinds of 

genetic information over the years, including mitochondrial sequences, microsatellite markers, 

single-nucleotide polymorphisms and whole genome sequences.  

Mitochondrial sequences and markers. Early work on the phylogenetics of the species was 

based on short mitochondrial sequences that included fragments of ATPase-8, 16S rRNA, 12S 

rRNA, NADH-5, and cytochrome b genes (Johnson et al. 2004). A diagnostic species-

identification PCR assay, which target Iberian lynx specific sequence patterns in the control 

region, was developed and used for the detection of Iberian lynx DNA in faecal and other 

materials, to confirm the presence of the species in particular areas and for forensic applications 

(Palomares et al. 2002). Population genetic variation in the remnant populations was 

subsequently studied using cytochrome b, ATPase-8 and control region sequences (Casas-

Marce et al. 2013), and later through whole mitogenome sequences. The remnant mitogenomic 

diversity is reduced to three haplotypes (two exclusive to Andújar and one exclusive to Doñana) 

defined by six variable sites, none of them affecting protein sequences (Casas-Marcé et al. 

2017).   

Microsatellites. Microsatellite or short-tandem repeats (STR) markers have been extensively 

used for population genetic analyses and for genetic monitoring and management of the Iberian 

lynx. Up to 36 markers have been used, 25 of which were originally developed for domestic cat 

(Menotti-Raymond et al. 1999), seven for bobcat (Lynx rufus) (Faircloth et al. 2005) and four for 

Canada lynx (Carmichael et al. 2000). 12 of these were used for non-invasively genetic 

monitoring (Godoy et al. 2005; Palomares et al. 2011), whereas the full set has been used for 

population genetics analysis (Casas-Marce 2012; Casas-Marcé et al. 2017), the determination 

of reproductive patterns and territoriality (Lucena-Perez et al. 2018; Palomares et al. 2017), and 

the genetic management and monitoring of the captive population until 2021 (Kleinman-Ruiz et 

al. 2019). 

Single Nucleotide Polymporfisms (SNPs). Up to 1536 SNPs were selected from 1.6 million 

SNPs identified from whole-genome sequences and genotyped in a representative sample of 

the remnant and reintroduced populations by (Abascal et al. 2016). 343 minimally linked 

autosomal SNPs were then selected from which subsets were designed as optimal for individual 

identification, parentage assignment, relatedness estimation, and admixture classification. The 

novel autosomal SNP panels showed higher power than the STR set with only a modest 

increase in the number of markers (Kleinman-Ruiz et al. 2017). These SNPs markers form the 



 

basis of the current monitoring program and are proposed here as the preferred markers for the 

genetic management of the species. 

  

Whole genome sequences. A reference genome and resequencing data for 11 individuals were 

generated by (Abascal et al. 2016), and low coverage resequencing data for 20 additional 

individuals were added later. These data were used to study patterns of diversity across the 

genome (Lucena-Perez et al. 2021) and to estimate genetic load and identify potentially 

deleterious alleles (Kleinman-Ruiz et al. 2022). A project starting in January 2023 plans to 

generate hundreds of individual genomes through imputation from low coverage whole genome 

resequencing data. 

 

6.2 Genetic parameters 

The genetic status of a population is usually described in terms of genetic diversity, inbreeding, 

effective population size, and when multiple populations are considered, genetic differentiation. 

Each of these aspects can be captured by different variables, which can be estimated from 

genealogical or marker information. 

Number of genome equivalents (NGE) or Founder Genome Equivalents (FGE) is the number of 

equally-contributing founders that are expected to produce the same genetic diversity as 

observed in the current population if there is no random loss of founder alleles in descendants 

(e.g., through genetic drift).It has to be highlighted that NGE is inversely proportional to global 

coancestry (mean kinship) and, therefore, the management directed to the minimisation of 

coancestry (see later on explanations on the Optimal Contributions methodology) also 

maximises NGE. 

Gene Diversity (GD) or Expected Heterozygosity (HE), can be calculated from pedigrees or 

allele frequencies from molecular markers. It can be defined as the probability that two alleles 

from the same locus sampled at random from the population are not identical by descent. 

Similarly, it is the heterozygosity expected in the progeny if the population were in Hardy-

Weinberg equilibrium, i.e. if mating is assumed to be random. This parameter equals one minus 

the mean kinship GD = 1 – MK and it is related to founder genomes equivalents through the 

expression GD = 1 - 1 / (2 * FGE). Both properties make GD (He) a very useful parameter in the 

management and monitoring of a conservation program. High levels of He imply high levels of 

additive genetic variance and, thus, strong potential responses to selection (Falconer & Mackay 

1996). Therefore, He is also a measure of the ability of a population to adapt to new 

environments. 



 

Mean Kinship (MK): This parameter is calculated averaging the kinship coefficient between an 

individual and all individuals (including itself) in the ‘active’ population (i.e., living, captive-born 

individuals). This value expresses the degree of genetic diversity shared by that individual with 

the rest of the population. Therefore, it can be used to prioritise (or penalise) individuals when 

selecting the parents of the next generation. Animals at the top of the list (i.e. with lower MK) 

are more relevant for the maintenance of genetic diversity in the population. The mean kinship 

of a population is equal to the proportional loss of gene diversity of the descendant population 

relative to the founders, and is also the mean inbreeding coefficient of progeny produced by 

random mating. Remember that mean kinship is also the reciprocal of twice the founder 

genome equivalents: MK = 1 / (2 * FGE) and relates to GD through this expression: MK = 1 - 

GD. 

Allele diversity (AD) is the average number of alleles observed in a set of genetic markers. As 

the measure is very sensitive to sample size, the estimate needs to be rarefied to a common 

sample size for comparative purposes. This corrected measure is also known as Allelic 

Richness (AR). AR is more intensely and rapidly reduced than He following a bottleneck due to 

the loss of rare variants, and thus better reflects past fluctuations in effective population size, Ne 

(Luikart et al. 1998; Nei et al. 1975; Vilas et al. 2015). Moreover, long-term response and 
limits to selection might be more related to the number of alleles initially available than to 

heterozygosity (Hill & Rasbash 1986; James 1971). 

Effective population size (Ne): This is a very useful concept and is defined as the size of a 

randomly mating population of constant size with equal sex ratio and a Poisson distribution of 

family sizes that would: i) result in the same mean rate of inbreeding, or ii) the same rate of 

allele frequency variance as that observed in the population. Ne can thus be used to predict the 

genetic changes due to random genetic drift that will suffer a population if conditions stay the 

same. Ne > 500 and Ne > 50 are generally accepted threshold values to avoid the loss of 

adaptive potential and the risk of inbreeding depression, respectively. The proportion of 

populations within species with an effective population size Ne > 500 has also been adopted as 

a headline indicator for target 4 and Goal A under the Kunming-Montreal Global Biodiversity 

Framework (Robuchon et al. 2023). Ne is typically smaller than census size by a factor that in 

lynxes has been estimated in 0.3-0.6. Ne can be calculated from pedigrees or molecular data. 

The latter can use data from two population samples separated by one or more generations, or 

it can be inferred from levels of linkage disequilibrium in a single sample.  

Genetic differentiation is defined as the divergence in genetic composition (e.g. allelic 

frequencies) between multiple populations of the same species. It can be caused by natural 

selection, genetic drift, and reduced gene flow. Genetic differentiation is also known as 

population structure, and can be organized hierarchically (populations, regions, subspecies, 

etc.). Genetic differentiation can be assessed using clustering methods. [e.g. STRUCTURE 

(Pritchard et al. 2000); discriminant analysis of principal components (DAPC) (Jombart et al. 



 

2010)], which identifies the number and genetic composition of the groups, or through summary 

statistics of the degree of differentiation between groups defined a priori. A commonly used 

measure of genetic differentiation is Fst, which varies on a scale from 0 (no differentiation) to 1 

(different alleles fixed in each population). Fst can be derived from the mean kinship within 

between populations (Caballero and Toro, 2002). While it remains a useful descriptor of genetic 

differentiation, it is extremely sensitive to the within population genetic diversity (i.e. within 

population mean kinship), so it has been argued that selection of source populations for genetic 

supplementation should be instead based only on the between population component 

(Frankham et al., 2017). 

Genetic Diversity, Genetic Differentiation, Inbreeding, and Effective Population Size (Ne) are 

four Genetic Composition Essential Biodiversity Variables (EBVs) proposed by the Group on 

Earth Observations Biodiversity Observation Network (GEO BON) for the global monitoring of 

within-species genetic variation (Hoban et al. 2022). 

 

6.3 Relatedness estimation 

Relatedness, kinship or coancestry provide a measure of the amount of genetic information 

shared by individuals. As such, it is a key parameter in conservation genetics, firstly, as a 

criterion for the determination of the risk status of a population. Notice that coancestry is equal 

to one minus the expected heterozygosity (He), which is a standard measure of genetic 

diversity. Thus, a population with high levels of coancestry implies it harbours little genetic 

diversity and it may be considered, consequently, genetically endangered. Secondly, 

coancestry is the driving criteria for the management of populations under conservation 

programs through the Optimal Contributions methodology and the minimum coancestry mating 

design. Finally, the process for the monitoring of the success of the actions taken to improve the 

genetic status of Iberian lynx populations will necessarily include checking the evolution of 

coancestry/diversity and inbreeding. 

Traditionally, relatedness has been estimated from genealogies. In this context, coancestry is 

defined as the probability of randomly sampling two alleles Identical By Descent (IBD) from two 

individuals. This means the probability of inheriting two copies of the same allele from a 

common ancestor. In a historically small population, the number of ancestors is reduced and, 

therefore, it is more likely to share alleles by descent, leading to the generation of coancestry 

(and inbreeding). It must be highlighted that genealogical coancestry is a probabilistic concept 

and, therefore, it expresses the expected relatedness for infinite independent loci. Actually, 

there is some variation around the expected value for any particular degree of relationship. For 

example, the expected coancestry between full-sibs is 0.25, but some pairs may have an actual 

coancestry well below or above this figure. Provided that the pedigree of the population is 



 

(accurately) known, genealogical coancestry can be easily calculated following classical 

probability rules (Falconer & Mackay 1996). 

A drawback of this approach is that genealogy is unrecorded in most wild and some captive 

populations. In such a scenario, molecular information can be used to estimate the relatedness 

between individuals. In contrast with the concept of genealogical coancestry, molecular 

relatedness/coancestry expresses the realised value for the genotyped loci, i.e. the observed 

result of the random Mendelian sampling in the transmission of alleles from parents to offspring. 

Consequently, it is a measure of realised coancestry at the genotyped loci, and (if the number of 

markers is large enough) a more precise measure of the average coancestry across the 

genome than the expected genealogical value. Nevertheless, for the non-genotyped (unknown) 

loci, the relevant parameter is still the IBD. However, molecular relatedness (calculated from the 

observed allele sharing between individuals) reflects Identity By State (IBS, i.e. two individuals 

share the same allele, not necessarily because they are inherited from a recent common 

ancestor) and, thus, some estimators have been proposed to recover IBD from IBS. One type of 

these estimators assumes that no coancestry exists in the base population and that all allele 

sharing at that stage is due to IBS. Then, it corrects for the expected homozygosity 

(heterozygosity) between the founders (Toro et al. 2014). Notice that this procedure depends on 

the knowledge of allelic frequencies in the base population, which is rarely available and, 

consequently, it may lead to underestimations of the coancestry values if the current 

frequencies are used as a proxy.  

As discussed above, molecular estimates of coancestry can be especially useful in captive 

breeding programs to estimate the relatedness among the founders, providing a more accurate 

picture of the amount of diversity captured in the base population and allowing for a more 

effective management of the population. 

Several molecular-based coancestry estimators have been developed. Broadly, they can be 

classified into estimators providing the relationships between all individuals jointly and 

estimators that give values in a pairwise pattern (i.e., only two individuals considered at a time). 

Methods can be further subdivided into those yielding a continuous measure of coancestry or 

methods that categorize individuals into a limited number of discrete classes of relatives (e.g., 

full-sib, half-sib or non-related). A final classification can be made separating estimators based 

on the observed genotypic similarity between individuals or using likelihood techniques. Optimal 

coancestry estimation methods depend on the particular scenario and, especially, on the 

population genetic structure. Moreover, each method may have their own limitations/drawbacks, 

like providing estimates outside the typical range of [0 , 1] required for a coancestry to be 

interpreted as a probability, leading to incongruous familiar groups (for pairwise methods), or 

being highly dependent on the correct knowledge of the allele frequencies.  

It must be highlighted that, even when dealing with the same coancestry estimator, results may 

differ depending on the set of markers used (type and number of markers) and the criteria used 



 

to develop the panel, e.g. markers may be chosen to maximise the power to assign paternity, to 

identify individuals or to detect the population of origin (ancestry). Therefore, the combination of 

the particular molecular information and the coancestry estimator to be used have to be 

carefully chosen as it may influence management decisions and, thus, the fate of the conserved 

population. 

 

6.4 Software 

In this section, the different software programs used for genetic and demographic management 

in the Iberian lynx conservation program are briefly described, outlining the key purposes 

intended for each of them 

 

• SPARKS: It is the basic software used to manage the studbook of the Iberian lynx ex-situ 
conservation program. A studbook is a detailed and organized record of information about 
individuals of a species kept in captivity in zoological institutions. The main purpose of a 
studbook is to manage and track the captive population of a particular species, including 
details such as the lineage of each individual, its birth date, sex, place of origin, current 
location, and any movements between populations. This software, directed to and utilized 
by a significant number of zoological institutions worldwide, was developed by the 
International Species Information System (ISIS) in 1989, and includes basic analysis tools 
for demographic, reproductive, and genetic parameters and also enables the export of 
stored information to be analyzed by other software described in this section. Thanks to 
the flexibility of SPARKS to add locations and custom fields (UDF), since 2014, a studbook 
parallel to the official one was created (following the CPSG recommendation of the IUCN) 
which also includes individuals in reintroduced populations created through the release of 
captive-born individuals. 

• ZIMS: In 2017, Species 360 (formerly ISIS) launched a new online studbook management 
platform: Zoological Information Management System (ZIMS). Currently, the Iberian lynx 
breeding program maintains its official Studbook on this new platform through the 
Zoobotánico de Jerez de la Frontera, and it is expected that in the future, the global 
studbook of captive and wild populations maintained in SPARKS can be transferred to this 
new online platform. 

• PMX: This is a tool designed to facilitate the genetic and demographic management of 
wildlife breeding programs. Developed collaboratively by experts in the field, including 
Jonathan Ballou (Smithsonian Institution/National Zoo), Robert Lacy (Chicago Zoological 
Society), and JP Pollak (Cornell University) (Lacy et al. 2012). The software effectively 
uses the data stored in the studbook, offering a high degree of versatility. It empowers 
program managers to discern and select individuals for exclusive demographic or genetic 
analyses, or a combination of both to facilitate the main goal of optimizing the 
management the population’s genetic diversity.PMX is structured into four distinct 
modules: demographics, genetics, goals, and recommendations. Its user-friendly interface 
and array of sophisticated tools empower conservationists to effectively plan, strategize, 
and take well-informed decisions within the Iberian lynx conservation program. 

 



 

A suite of software programs (written in FORTRAN 90) were specially designed on purpose for 

the management of the ex-situ conservation program of the Iberian lynx. The different modules 

correspond to the different actions/decisions to be performed on a regular basis each 

generation. A list of these programs and a brief description of the principles behind them 

follows; more in depth explanations on each procedure appear in the corresponding sections 

later in these Guidelines. 

• CONTRIBUTE: Determines the set of males and females to become parents of the next 
generation of lynxes that minimizes the average coancestry of the chosen animals. 

• MATINGS: Implements a minimum coancestry mating methodology using the list of 
parents decided in the previous step. The solution is obtained for all couples at a time and 
minimises the average coancestry between the proposed pairs. In this way the inbreeding 
of the resulting offspring will be minimal. 

• REPLACE: Decides the particular newborn animals that should be incorporated to the 
captive population to replace the culled animals and to favour the achievement of the 
genetic goals. The criterion is to search for the set of cubs that leads to the minimum 
global coancestry (maximum diversity) when added to the current active animals in the ex-
situ program. Notice that all animals not selected for staying in the captive population 
become available for release into the wild. 

• REORGANISE: Corrects the possible unintentional deviations from the ideal genetic 
composition of each centre. The software determines which animals have to be 
translocated between centres to re-establish the adequate number of animals according to 
the capacity of the facilities, to obtain a sex ratio close to 1:1 in all populations and to 
uniformly distribute the genetic diversity among centres. The latter is achieved by 
minimising the coancestry between the active animals to be allocated in the same centre. 
A maximum number of movements (migrants) can be forced, as well as a list of animals 
that cannot be exchanged or, contrarily, that have to be compulsory moved to a different 
centre (e.g., animals failing to reproduce after several attempts which are to be given 
another opportunity in a different centre). 

• DIVIDE: Distributes the newborns available for reintroduction among the release locations. 
Driving principle is sending animals to those places where their genetic information is less 
represented. Therefore, the solution corresponds to the scheme where the global 
coancestry within locations is minimized. When the release site is already harbouring 
individuals (i.e., reinforcement instead of creating a new population) this can be taken into 
account as long as there is a way of estimating the relationships between resident and 
released individuals (see scenarios below). 

In all the programs mentioned above, optimisations are performed using simulated annealing 

algorithms. The different constraints related to logistic, behavioural or physiological issues can 

be accounted for in the calculation of the solutions (e.g., known incompatible pairs when 

designing matings). The coancestry matrix, which is needed for running all the programs, is 

calculated using the PMx software incorporating an empirical (marker-based) matrix of kinship 

among founders. 
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