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Global biodiversity is rapidly declining, largely due to human-induced processes, such as land 
conversion, habitat degradation and overexploitation (Pimm et al. 1995, 2014; Pimm & Raven 2000; 
Butchart et al. 2010; Dirzo et al. 2014). The conservation of biodiversity is crucial since biodiversity 
contributes to stability and resilience in ecosystems, following the diversity-stability hypothesis 
(McNaughton 1977; Pimm 1984; Tilman & Downing 1994; Peterson et al. 1998; McCann 2000; 
MacArthur 2008). We depend on environmental services, provided by well-functioning ecosystems 
(Millenium Ecosystem Assessment 2005). The scale at which biodiversity can be studied, ranges from 
entire ecosystems to intraspecific diversity at the genetic level (UNEP-CBD 2006). Insights into the 
spatial distribution of this diversity provide us with information regarding evolutionary processes 
which have shaped these patterns, and may provide us with guidelines on how to conserve it. 

Genetic diversity at the intraspecific level further contains the evolutionary potential, and therefore, 
to some degree, the resilience of a species. The goal to preserve species as dynamic entities with the 
potential to adapt to changing environmental factors, illustrates why recognizing the genetic diversity 
contributes to conservation planning. This follows from the notion that conservation should not focus 
on preserving particular objects (species or ecosystems), but rather on preserving the processes of life 
(Bowen 1999). In addition, genetic diversity may also reflect other types of diversity of importance for 
conservation, e.g. ecological, behavioural, morphological and demographical diversity, and provides 
natural resources for breeding.

The aim of this thesis is to gain insight into the intraspecific genetic diversity of an ecological and 
cultural umbrella species: the lion (Panthera leo (Linnaeus, 1758)). The distribution of this diversity 
reflects the evolutionary history on one hand, but may also provide guidance on how to retain this for 
the future on the other. The lion serves as a model for illustrating general phylogeographic patterns 
on the African continent, and provides us with a framework in which we can make recommendations 
for conservation practices.

The importance of conserving carnivores

Many carnivores have suffered from population declines and range contractions in the past two 
centuries (Woodroffe 2000; Ceballos & Ehrlich 2002; Ray et al. 2005b; Morrison et al. 2007; Ripple et 
al. 2014). At the same time, large carnivores are known to play an important role in maintaining rich 
and resilient ecosystems (Fretwell 1987; Miller et al. 2001; Terborgh et al. 2001; Sala 2006; Johnson 
et al. 2007; Bruno & Cardinale 2008; Letnic et al. 2009, 2012; Beschta & Ripple 2009; Schmitz et al. 
2010; Strong & Frank 2010; Estes et al. 2011). Elimination of top predators from a community, may 
lead to the reorganization of trophic webs and biodiversity loss, following from trophic cascade theory 
(Hairston et al. 2010) and mesopredator release (Crooks & Soulé 2010). Downstream extinctions 
of other species have been observed both in community models (Borrvall & Ebenman 2006) and in 
natural situations (Johnson et al. 2007; Letnic et al. 2009).

Top predators typically have large home ranges, which they require to fulfil their ecological needs 

(Schaller 1972). Therefore, they are often considered umbrella species, following the notion that 
protection of species with large ranges indirectly encompasses populations of co-occurring species 
(Noss 1990). In addition, large predators are especially sensitive to human activity and have been 
actively persecuted in most regions of the world, since their ecological role often conflicts with that 
of local people (Woodroffe 2000; Treves & Karanth 2003; Patterson et al. 2004; Woodroffe et al. 
2005; Bauer et al. 2010; Sogbohossou et al. 2011; Yirga et al. 2012; Tumenta et al. 2013). Because 
of these characteristics, they are more strongly affected by edge effects, often occurring at the 
borders of protected areas (Woodroffe 1998). Due to the ecological importance and the demanding 
requirements of large carnivores, it is generally advocated that ensuring that an ecosystem can 
sustain populations of top predators, this is likely to also benefit other species. This makes carnivores 
suitable model species for defining and testing conservation strategies.

The African continent is home to a diverse assemblage of carnivores. The African large carnivore 
guild is made up of seven species: African wild dog (Lycaon pictus), spotted hyena (Crocuta crocuta), 
striped hyena (Hyaena hyaena), brown hyena (Hyaena brunnea), cheetah (Acinonyx jubatus), leopard 
(Panthera pardus) and lion (Panthera leo) (Dalerum et al. 2008). All seven species show decreasing 
trends and only the spotted hyena is attributed with a Least Concern status according to the IUCN 
global Red List (IUCN 2014). Despite the fact that all these species fulfil their role as a top predator, 
they exhibit a high functional diversity as a result of different ecological preferences and different 
prey spectra (Hayward & Kerley 2008). A study using data from the Serengeti ecosystem, collected 
over 40 years, has shown that predation on populations is not only affected by the abundance, but 
also by the diversity of predators, concluding that the loss of this diversity could disrupt important 
interactions (Sinclair et al. 2003). The conservation of ecological interactions has been stressed 
since the introduction of the key-stone species concept, according to which certain species have a 
disproportionately large effect on their environment relative to their abundance (Paine 1966, 1969). 
Targeting species-rich assemblages of large carnivores, which cover high phylogenetic and high 
functional diversity (Dalerum 2013), follows and expands this notion. The largest species generally 
represents an important aspect of unique functional diversity, and the lion in particular shows the 
largest contribution to functional diversity in the global assemblage (Dalerum 2013). These results 
provide justification for prioritizing this species for conservation efforts.

There are few studies with empirical data on the effect of extirpation of lions on the rest of the 
ecosystem. Long term data from six protected areas in Ghana show that after extinction of lions 
and leopards in three of the included areas, the landscape was opened up for olive baboons (Papio 
anubis), which strongly increased in number and range (Brashares et al. 2010). Although baboons 
are only moderately predated by lions and leopards, the absence of an apex predator had a large 
influence on both the behaviour and population numbers of olive baboons. This negatively affected 
population numbers of small primates and ungulates, and diet analysis showed that in the absence 
of a top predator, baboons shift towards a more carnivorous diet (Brashares et al. 2010). It illustrates 
that the presence of a predator, even though it might occur in low densities, may have a profound 
effect on an ecosystem. The potentially far-reaching effects  of large predators was previously shown 
for wolves (Canis lupus) in Yellowstone National Park, also including behavioural changes in prey 
species, termed “the ecology of fear” (Brown et al. 1999). Similar forces may act on the African 
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savannah ecosystem, although monitoring studies in a range of lion habitats could provide more 
detailed data on the effect of losing this species from the system.
Above mentioned arguments illustrate the need for conservation actions for top predators in 
general, and the suitability of the lion as a model species in particular. The lions continent-wide 
distribution and its extension into Asia provides a framework which can be used to study phylogenetic 
relationships on a large geographic scale. Finally, the lion, generally perceived as the “king of the 
beasts”, is a true cultural flagship for carnivore conservation.

The lion

The lion (Panthera leo (Linnaeus, 1758)) is one of the five big or “roaring“ cats in the genus Panthera. 
In the current taxonomy, two subspecies are officially recognized: the African lion Panthera leo leo 
(Linnaeus, 1758) and the Asiatic lion Panthera leo persica (Meyer, 1826). The species is classified 
as ‘Vulnerable’ on the basis of criterion A2abcd on the IUCN Red List of Threatened Species (Bauer 
et al. 2012), defined as “Population reduction observed, estimated, inferred, or suspected in the 
past where the causes of reduction may not have ceased OR may not be understood OR may not 
be reversible.” (IUCN 2012). For distinct geographic regions other categories are more suitable, e.g. 
West Africa where lions are categorized as ‘Regionally Endangered’ (Bauer & Nowell 2004) with the 
recent suggestion to uplist the West African lion as ‘Critically Endangered’ (Henschel et al. 2014). The 
Asiatic subspecies is categorized as ‘Endangered’, based on criterion D (number of mature individuals 
< 250) (Breitenmoser et al. 2008).

Although extinct subspecies of the lion ranged as far as North America and the northern part of 
South America during the Middle and Late Pleistocene, the range of the modern lion was restricted 
to Africa, near Asia and the Southern part of Europe (Turner & Antón 1997; Yamaguchi et al. 2004; 
Schnitzler 2011). Lions went extinct in Europe between 3000 and 1000 BC, likely to be the result of 
human persecution. Later, they disappeared in the Near East, Arabian Peninsula, Trans-Caucasia and 
the north of Afghanistan around the 12th and 13th century AD, and in all North African countries and 
the Middle East between the end of the 19th century and the first part of the 20th century (Guggisberg 
1961; Schnitzler 2011). The last remaining population outside of Africa is located in the Gir forest 
National Park in India, being the sole representatives of the Asiatic subspecies (Breitenmoser et al. 
2008; Bauer et al. 2012). 

Several studies have aimed to estimate the number of remaining African lions, using a scope of 
different methods (Table 1). IUCN/SSC Cat Specialist Group members made “guesstimates” of 
30,000 – 100,000 wild African lions in the early 1990s (Nowell & Jackson 1996a). The African Lion 
Working Group (ALWG), which is also affiliated with the IUCN/SSC Cat Specialist Group, conducted 
a mail survey, which resulted in an estimation of 23,000 lions in protected areas in Africa, with a 
range of 16,500–30,000 (Bauer & Van der Merwe 2004). Chardonnet (2002) based his estimates 
on the extrapolation of known populations estimates into areas where lion status was unknown, 
resulting in an estimation of 39,000 lions, with a range of 29,000–47,000 (Chardonnet 2002). Other 
studies used a GIS-based model to predict the range and numbers of the African lion (Ferreras & 
Cousins 1996; Riggio et al. 2012). Following the most recent estimate, it is expected that there are 
32,000 - 35,000 free-ranging African lions, in 67 areas (Riggio et al. 2012). Because of methodological 

differences between the estimates, a direct comparison of these figures is bothersome. However, 
a group exercise led by the IUCN/SSC Cat Specialist Group estimated a decline in lion numbers for 
42% of the major lion populations (IUCN SSC Cat Specialist Group 2006a; b). Also according to the 
IUCN Red List data the African lion is indicated as having a decreasing population trend (Bauer et al. 
2012). The Asiatic populations numbers around 350 individuals and the populations trend is stable 
(Breitenmoser et al. 2008).

Table 1. Studies estimating the number of free-ranging African lions.

Year of prediction Authors Number of African lions Method

1980 Ferreras and Cousins (1996) 75,800 GIS-based model

Early 1990s Nowell and Jackson (1996a) 30,000-100,000 “Guesstimate”

2002  Chardonnet (2002) 
39,000

(range: 29,000-47,000)
Extrapolation from 
known populations 

2004  Bauer & Van der Merwe (2004) 23,000*
(range: 16,500-30,000)  Mail survey 

2012 Riggio et al. (2012) 32,000-35,000 GIS-based model

* protected areas only

The decrease in lion numbers is paralleled by the decline of suitable lion habitat, as is the case for 
many other species (Riggio et al. 2012; Ripple et al. 2014). The current range of the African lion is 
estimated to comprise only 17% of its historical range (Ray et al. 2005a; Ripple et al. 2014). Comparing 
the current state to the situation in 1960, using human population density and land conversion data, 
it was calculated that, at best, 3,390,821 km2 or about 25% of the original savannah area remain 
as potential range of free-ranging lions (Riggio et al. 2012). The sub-Saharan human population is 
estimated to have increased nearly four-fold, from 229 million in 1960 to 863 million in 2010 (CIESIN 
& CIAT 2005). Human population projections further predict this number to double to 1.753 billion 
in 2050 (CIESIN & CIAT 2005), suggesting that human encroachment of habitat suitable for the lion 
and other wildlife will be a major challenge conservationists are facing. Apart from land conversion, 
decline of natural prey base and increased conflict between carnivores and humans are the main 
threats for the lion (Ferreras & Cousins 1996; Chardonnet 2002; Ray et al. 2005b; Winterbach et al. 
2012). A modelling study has shown that human population and reserve size together accounted for 
98% in the variation of extinction of 41 mammal species between reserves in West Africa (Brashares 
et al. 2001). Extinctions rates in six reserves were 14-307 times higher than those predicted by 
species-area models and reserve size alone, indicating the impact of human demography on local 
wildlife (Brashares et al. 2001). Particularly alarming is that data from the Masai Mara Reserve and 
its surroundings show that land conversion outside the protected area has resulted in approximately 
equal declines in wildlife both inside and outside the reserve (Ottichilo et al. 2000; Newmark 2008).

 Chapter 1 | General Introduction
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A total of 86 Lion Conservation Units (LCUs) was determined on the African continent (IUCN SSC Cat 
Specialist Group 2006a; b) by expert-defined criteria which classified these areas as important for 
lion conservation, following an approach previously applied to the jaguar (Panthera onca) (Sanderson 
et al. 2002) (Figure 1). The total area of these LCUs was calculated as being 3,163,260 km2 and 
is in line with the estimate of suitable lion habitat, being 3,390,821 km2 (Riggio et al. 2012). An 
estimated 588,000 km2 are designated as hunting zones, where lions can be harvested as trophies 
(Lindsey et al. 2013). Although hunting zones may act as corridors and avert land conversions into 
e.g. agricultural land, they have also shown disturbed lion population structure, possibly extending 
the effect into the adjacent protected area (Loveridge et al. 2007; Croes et al. 2011; Lindsey et al. 
2013). In addition to the decline in suitable habitat, remaining areas are often poorly protected and 
increasingly fragmented (Newmark 2008). This fragmentation and human activities, such as hunting, 
may lead to the creation of sinks (i.e. sites with unusually high mortality rates for wildlife) in the 
human-dominated matrix surrounding the protected areas, possibly affecting the populations within 
the protected area (Loveridge et al. 2007; Newmark 2008).

It must be noted that only a relatively small part of the total lion range is located in West and (the 
western part of) Central Africa. The habitat in this region is generally smaller and more isolated, 
compared to East and Southern Africa. Also the declines in habitat are the strongest in West (39%) 
and Central Africa (18%), compared to East (16%) and Southern Africa (9%) (Chardonnet 2002). This 
is paralleled with exceptionally strong declines in wildlife in West Africa (Craigie et al. 2010) and some 
parts of Central Africa (Bouché et al. 2012). After recent surveys, resident lion populations could only 
be confirmed in four out of 16 LCUs in West Africa (Henschel et al. 2014) and were absent in all three 
Central African LCUs included in an earlier study (Henschel et al. 2010). This means that, at least for 
this region, the indicated lion range in Figure 1 may be an overestimation. On the African continent 
Riggio et al. (2012) identified ten lion strongholds, meeting the necessary requirements for long-

term viability of the lion population. This entails that 1) the area contains at least 500 individuals, 2) 
the area is located within protected areas or designated hunting areas, and 3) the numbers of lions 
is stable or increasing as assessed by the IUCN Cat Specialist Group (Riggio et al. 2012). Of these 
strongholds four are located in East Africa, six in Southern Africa and none have been identified in 
West or Central Africa (Riggio et al. 2012).

Despite the recent and ongoing contraction of lion habitat, the species still exhibits a vast range, 
covering almost the entire sub-Saharan continent (with the exception of dense rain forest and 
dry desert), and one location in India. For many large mammals with a similar range, numerous 
subspecies are recognized and for several phylogenetic data are available (for an overview see 
Chapter 4). Distributions of diversity, either described in the taxonomy or as a phylogeographic 
pattern, are often congruent (Hewitt 2004; Lorenzen et al. 2012). This leads to the notion that current 
lion nomenclature, considering all African lion populations to belong to a single subspecies, should 
be questioned, as it may not reflect the full underlying diversity. 

Phylogeography 

The term phylogeography was defined in 1987 by Avise et al. (1987), aiming to bridge the gap 
between population genetics and systematics. Demographic events, like population expansions 
and bottlenecks, as well as migration patterns leave their traces in the genetic makeup of species 
and populations. Environmentally driven evolution entails that similar forces have determined the 
evolutionary histories and thereby shaped analogous phylogeographic patterns of multiple species, 
depending on their ecological requirements. Studying the patterns of co-distributed taxonomic 
groups, often termed “comparative phylogeography”, may lead to previously unrecognized 
biogeographic patterns and contribute to guiding conservation decisions (Bermingham & Moritz 
1998; Moritz & Faith 1998; Arbogast & Kenagy 2001). Distinct genetic clades may be the result of 
retraction and subsequent expansion of populations into and from refugia during the cyclical climatic 
events (Hewitt 2000, 2004). Combining genetic data with climatic data and ecological niche modelling 
provides us with insights into evolutionary forces acting upon the species. This type of information 
may also contribute to recognizing risks for long term conservation of a species or population.

Although the species is the general unit for conservation practices (Mace 2004), the general aim 
to protect the full diversity embedded in the species leads to the notion that it is important to also 
include units below the species level. This is particularly important for species with a large range. 
Conserving the maximum of genetic diversity within a species, also entails that the evolutionary 
potential is maintained. Safeguarding the adaptability of species is of utmost importance in a 
changing environment, for example as a result of shifting climate conditions (Visser 2008). However, 
subspecies are generally delimited as geographic variants and do not necessarily reflect information 
on adaptive genetic diversity.
Phylogeographic data can be used to define such sub-specific units of importance for species 
conservation, such as Evolutionary Significant Unit (ESU) and Management Units (MU). The term 
Evolutionary Significant Unit was first proposed by Ryder (1986) and aimed at finding a rational basis 
for prioritizing units “possessing genetic attributes significant for present and future generations”. 
Although the precise definition of ESU is disputed (for reviews see: De Guia & Saitoh, 2007; Fraser 

Figure 1. 
Map showing delineation of the regions 
according to the Lion Conservation 
Strategies (IUCN SSC Cat Specialist 
Group 2006a;b) and the recognized LCUs 
in red (Panthera). Lion range data are 
from IUCN (2014).
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& Bernatchez, 2001), the concept has widely been used for conservation studies (Randi et al. 2003; 
Alpers et al. 2004; Duriez et al. 2006; Hansen et al. 2009; Hu et al. 2011; Höglund et al. 2013) and 
applied in legal and management contexts (Waples 1991). In general, it is suggested that ESUs ought 
to be geographically discrete and should display concordant divergence in both molecular and non-
molecular traits (Ryder 1986; Dizon et al. 1992; Vogler & DeSalle 1994). Adaptive variation as well 
as divergence, as a reflection of the evolutionary history, are typically included in the definition of 
ESU, but genetic criteria range from significant divergence of allele frequencies (Waples 1991), to 
some level of genetic distance (Ryder 1986), to congruently structured phylogenies of genes (Avise 
& Ball 1990). Common criticism is that the concept is subjective, by aiming to conserve a group of 
populations which is e.g. “substantially reproductively isolated from other conspecific populations”, 
and “represents an important component in the evolutionary legacy of the species” (Waples 1991), 
which are guidelines that are difficult to implement in practice. 

A later, and commonly used, definition included that an ESU contains a group of populations that is 
“reciprocally monophyletic for mtDNA alleles” and “shows significant divergence of allele frequencies 
at nuclear loci” (Moritz 1994). To avoid an overly restrictive definition and to be able to address 
the cases with less separation than reciprocal monophyly, Moritz (1994) also proposed the term 
Management Unit (MU), defined as “populations with significant divergence of allele frequencies 
at nuclear or mitochondrial loci, regardless of the phylogenetic distinctiveness of the alleles.”. 
These populations represent groups that are connected with such low levels of gene flow that they 
are functionally independent and although they show divergence in their allele frequencies, it is 
not necessarily the case that there is a phylogenetic distinctiveness of the alleles. Following these 
general definitions, ESUs are concerned with historical population structure, phylogeny and long-
term conservation needs. In contrast, MUs address current population structure, allele frequencies 
and short-term management issues. 

Despite numerous definitions and attempts to create a unifying concept (e.g. Fraser & Bernatchez, 
2001), the role of neutral genetic markers versus adaptive diversity, concordance with other sources 
of information such as ecological, morphological and physiological data, and the applicability to 
differentiate units along the evolutionary continuum of populations, are still under debate (Crandall 
et al. 2000). All definitions that have been proposed are characterized by strong points on one hand, 
and inherent uncertainties on the other. The applicability of these concepts should be assessed at 
a case-by-case basis, and conservationists should aim to apply a flexible and integrative approach 
(Fraser & Bernatchez 2001).

As was previously mentioned, the African lion (P. l. leo) and the Asiatic lion (P. l. persica) are the only 
officially recognized subspecies according to the IUCN (Bauer et al. 2012). However, differentiation 
within Africa, distinguishing between lions from East/Southern Africa and West/Central Africa, and 
the close relationship of the latter to North Africa/Asia, was noted based on a range of morphometric 
data (Hemmer 1974). Results of a more recent study on craniometric data corroborated the close 
relationship of West African, North African and Asiatic lions (Mazák 2010). Historically, up to eight 
lion “subspecies” have been recognized based on intraspecific morphological variation and up 
to 24 synonyms circulate (Haas et al. 2005; Dubach et al. 2005; ISIS 2014). Initial descriptions of 
subspecies have not always adequately treated age- and sex-related variation, and conclusions 
should therefore be treated with caution (Dubach et al. 2005). Two of these eight subspecies , 

P. l. leo and P. l. melanochaita, are considered to be either extinct or a con(sub)specific with and 
extant subspecies (Barnett et al. 2006a). Additionally, Hemmer (1974) suggests to combine the four 
subspecies traditionally recognized in East/Southern Africa into two subspecies, representing East 
and Southern Africa. This classification leads to three main “subspecies” in Africa: P. l. senegalensis 
(West and Central Africa), P .l nubica (East Africa) and P. l. melanochaita / krugeri (Southern Africa), 
in addition to the Asiatic subspecies P. l. persica (also see Chapter 6).

Several phylogeographic studies have been conducted over the years, aiming to gain insight into the 
level of distinctiveness between populations and corroboration for the subspecies status of the Asiatic 
lion. The phylogenetic studies support the single-African-origin model, as was originally proposed 
based on morphology, distribution and parietal art (Yamaguchi et al. 2004). Long branches and the 
position of the outgroups point the evolutionary cradle of the lion towards East and Southern Africa 
(Barnett et al. 2006b; Antunes et al. 2008), which is further supported by the oldest fossil evidences 
that were found in this region (Petter 1973; Lewis 1997; Werdelin et al. 2010). The distinctiveness 
of the Asiatic subspecies was addressed by O’Brien et al. (1987), using allozyme separation data, 
although genetic distances between the subspecies was low and led to the conclusion that African 
and Asiatic lions shared a relatively recent common ancestor. Moreover, studies from which the 
subspecies distinction could be inferred, only included lions from India and from East and Southern 
Africa and therefore suffered from incomplete sampling of the full species’ diversity (O’Brien et al. 
1987; Burger et al. 2004). On the African continent, three major refugial areas have been proposed, 
deduced from current phylogeographic patterns in large mammals: West/Central Africa, East 
Africa, and Southern Africa (Hewitt 2004; Lorenzen et al. 2012). This may imply that lions from 
West/Central Africa also represent a different genetic clade, compared to their East and Southern 
African counterparts. Due to the knowledge gap for West and Central African lions, and the urgent 
conservation need in this region, these populations are of particular importance (Bauer 2003).

Most studies done so far have been based on mitochondrial DNA (mtDNA). Initially, within East and 
Southern Africa four distinct groups were distinguished: 1) South-West, 2) East of the Rift Valley, 3) 
West of the Rift Valley and 4) the Sabi Sands population (Dubach et al., 2005). These four groups 
are discussed in the light of future conservation interventions, such as translocations to mimic gene 
flow, and are therefore proposed as distinct ESUs sensu Crandall (2000) (Dubach et al. 2005). Barnett 
and colleagues used a different part of the mtDNA for their phylogenetic studies and included 
several populations from West and Central Africa, as well as currently extinct populations from 
North Africa and the Middle East (Barnett et al. 2006b). They concluded that five main clades can 
be distinguished in the modern lion: 1) North Africa–Asia, 2)West Africa, 3) Eastern Sahel (steppe/
savannah areas immediately south of the Sahara), 4) Eastern–Southern Africa, and 5) South- Western 
Africa. According to the authors, these groups could be interpreted both as ESUs or as MUs (sensu 
Moritz, 1994), although the authors also stress the scale-dependency of identifying units crucial for 
conservation. Barnett et al. (2006b) proposed basal geographic distinctions between lions from 1) 
North Africa-Asia, 2) Middle Africa and 3) Southern Africa. This pattern may have been shaped and 
maintained by natural barriers for lion dispersal, such as the Sahara desert, dense tropical rain forest 
and the Rift Valley (Nowell & Jackson 1996b; Burger et al. 2004; Dubach et al. 2005), as well as historic 
events, such as climatological changes (Barnett et al. 2006b, 2014). Later phylogeographic studies by 
these groups continuously added data to the existing dataset and were able to assess the intraspecific 
genetic diversity of the lion on a finer scale and with higher certainty. Dubach et al. (2013) confirmed 
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the distinct position of West & Central African lions, and their close genetic relationship with the 
Asiatic subspecies. However, they were not able to fully resolve the phylogenetic relationships in this 
clade, and branches obtained low support in the more diverse East and Southern African branches 
(Dubach et al. 2013). Although Dubach et al. (2013) also include microsatellite data for all sampled 
populations, these were analysed to detect admixture and gene flow, rather than phylogeographic 
origin (based on the number of identified clusters). Barnett et al. (2014), again including samples from 
currently extinct populations, were the first to describe a basal split in the lion phylogeny, although 
the branch of the Southern clade does not show significant support and the position of the Asiatic 
subspecies remains unresolved. Five ESUs (sensu Moritz, 1994) are proposed in absence of conflict 
with the limited morphological or nuclear DNA data: 1) North Africa/Asia, 2) West Africa, 3) Central 
Africa, 4) South Africa and 5) East-South Africa. Antunes et al. (2008) also included nuclear genetic 
markers and seroprevalence data of Feline Immunodeficiency Virus (FIVPle) to infer the evolutionary 
dynamics of the lion. In this study no free-ranging populations from West and Central Africa had been 
included and the distinct position of the Asiatic subspecies receives limited support. Interestingly, 
in the nuclear data there is a clear split observed between East and Southern African lions, whereas 
in the mtDNA haplotypes this split is less distinct. Although Antunes et al. (2008) do not extensively 
address the conservation implications of these results and the applicability of ESUs or MUs, they do 
state that due to the differentiation within the African lion “a bottom-up perspective that prioritizes 
populations, rather than large-scale units (e.g. all African lions), might preserve and maintain lion 
diversity and evolutionary processes most efficiently.” 

The consensus of the phylogeographic studies is that intraspecific diversity of the African lion is 
greater than the current taxonomy implies, and that different lineages on the African continent can 
be recognized. In addition the distinct status of the Asiatic subspecies is questioned, regarding the 
partially unresolved phylogeny of the northern lion populations. The phylogenetic position of the 
West and Central African lion is of particular interest, notably because of the vulnerable position of 
populations in this region. As several of the studies discussed in this section were published during the 
course of this project, the relationship between these studies and the datasets that were generated 
for this thesis are discussed in the individual chapters. 

Conservation genetics and Inbreeding

In the field of conservation genetics, genetic methods are applied to guide conservation and 
restoration practices. Compared to phylogeography, conservation genetics is typically applied on 
a lower geographic scale, namely on that of a (meta)population. Levels of genetic diversity on this 
geographic scale are not so much related to evolutionary potential, but rather to direct fitness 
measures.

The loss of genetic variability is strongest in small, isolated populations, where genetic drift plays a 
relatively large role and deleterious mutations accumulate faster as a result of increasing levels of 
relatedness. Reduction in population size may ultimately lead to inbreeding with consequent fitness 
effects, such as lower fecundity and higher mortality, termed inbreeding depression (Wright 1977). 
The effect of inbreeding has been illustrated in several laboratory settings and showed that inbred 
populations display decreased fitness and are particularly vulnerable to environmental stress, thereby 

suffering from an increased extinction risk (Bijlsma et al. 2000; Reed & Frankham 2003; Armbruster 
& Reed 2005). In addition, the phenomenon has been studied in domestic and captive-bred wild 
populations (Ralls & Ballou 1986; Ralls et al. 1988; Lacy et al. 1993). Although these situations 
cannot be directly compared to free-ranging, wild populations, Ralls et al. (1988) conclude that 
“the total costs of inbreeding in natural populations are probably considerably higher than our 
estimates”, which would make the effect of genetic diversity or inbreeding an important driver in 
natural populations. 

Despite of this, the role of genetic factors in the process of extinction in wild populations has 
long been questioned, following the argument that environmental and demographic stochastic 
processes, as well as catastrophes, would drive small populations to extinction before the effects 
of inbreeding would become visible (Caughley 1994; Caro & Laurenson 1994). An extensive review 
of wild populations of mammals, birds, poikiloterms (snakes, fish and snails) and plants compared 
169 estimates of inbreeding depression for 137 traits, and concluded that wild populations under 
natural conditions frequently exhibit moderate to high levels of inbreeding depression (Crnokrak 
& Roff 1999). More publications stressed the detrimental effects of low genetic diversity in natural 
populations and the risk of genetic erosion to long term survival (Keller & Waller 2002; Frankham 
2005, 2010). The fact that the extinction risk significantly increased with decreasing heterozygosity, an 
indication of inbreeding, was shown in a field study on butterflies (Saccheri et al. 1998). A comparison 
of genetic diversity between 170 threatened and taxonomically related, non-threatened species 
showed that average heterozygosities were lower in the threatened species for 77% of comparisons 
(Spielman et al. 2004). Since reduced fitness often reveals itself as impaired fertility (Keller & Waller 
2002), sperm abnormalities and motility were assessed in 20 mammal species (Fitzpatrick & Evans 
2009). Species with reduced mean heterozygosity also showed impaired ejaculate quality, with a 
stronger positive correlation for endangered populations/(sub)species (Fitzpatrick & Evans 2009). 

In the fertility study by Fitzpatrick & Evans (2009), three lion populations were assessed, including two 
populations well-known for their low levels of genetic diversity: the lions of the Ngorongoro crater 
in Tanzania and the lions of the Gir forest in India. Both inbred lion populations, and the outbred 
population from the Serengeti plains, had been subjected to a physiological study, which showed that 
reduced genetic diversity correlates well with an increased incidence of abnormal sperm and with 
decreased testosterone levels, a hormone crucial for normal spermatogenesis (Wildt et al. 1987). 
Other studies have shown that lion populations with reduced genetic diversity are more susceptible 
to disease, making them more vulnerable to extinction (Kissui & Packer 2004; Trinkel et al. 2011).

The well monitored lions of the Ngorongoro crater in Tanzania illustrate how fast inbreeding can 
play a role in a natural population. An outbreak of the biting fly Stomoxys calcitrans in the early 
sixties reduced the population from around 70 to 10 individuals, consisting of nine females and one 
male (Packer et al. 1991). Seven males immigrated into the crater in the late 50s and early 60s, but 
apart from this event, no immigration occurred in the following 25 years. The population recovered, 
and in 1975 a number of 75-125 lions was estimated to be in the Ngorongoro crater. However, 
all animals were descendants of only 15 founder individuals (seven females and eight males) and 
genetic diversity in this population proved to be much lower than in the neighbouring Serengeti 
ecosystem (O’Brien et al. 1987; Yuhki & O’Brien 1990; Packer et al. 1991), as well as above mentioned 
reproductive measures (Wildt et al. 1987).
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The isolated lion population in the Gir forest, India, the sole representative of the Asiatic subspecies, 
is also characterized by extremely low heterozygosity levels. The Gir forest population may have 
suffered from isolation even before the extinction of populations connecting the Asiatic to the 
African subspecies (Driscoll et al. 2002). In addition, the population underwent a severe bottleneck 
as a result of sport hunting and habitat encroachment and as few as 20 individuals may have been 
the only survivors in the early twentieth century (see Driscoll et al., 2002, and references herein). 
Several genetic markers, including allozymes (O’Brien et al. 1987), MHC-RFLP (Yuhki & O’Brien 1990), 
minisatellites (Gilbert et al. 1990) and microsatellites (Driscoll et al. 2002), confirmed that the Gir 
forest lions are genetically further impoverished than the Ngorongoro crater lions and even unrelated 
individuals showed identical minisatellite DNA fingerprints (Gilbert et al. 1990). This strong reduction 
in genetic variability can be explained by long-term geographic isolation and bottlenecks, exacerbated 
recently by human encroachment (Driscoll et al. 2002). 

Apart from these two case studies, inbreeding and its potentially detrimental fitness effects are 
mainly known for lions in captivity. The occurrence of disturbed behaviour and malformations in 
cubs, possibly resulting from inbreeding depression, has been witnessed in captive lion populations, 
but according to our knowledge the prevalence was never assessed (Wensing, pers. comm.). A 
semi-captive setting is represented by the numerous, small and fenced reserves with intensively 
managed lion populations, in which changes in genetic diversity may be monitored and demographic 
parameters can be studied. During the past decades lions have been reintroduced into over 40 
small (<1000 km2), fenced reserves in RSA, currently comprising over 500 individuals (Hayward et 
al. 2007; Trinkel et al. 2010; Miller & Funston 2014). The lion population of the small and fenced 
Hluhluwe-iMfolozi Park, RSA, has originated from five founder individuals in the 1960s (Trinkel et al. 
2008). Subsequent translocations have been conducted to reinforce the population and counteract 
inbreeding depression. Litter size and cub survival was higher for pairings including a translocated 
parent, compared to pairings between native lions (Trinkel et al. 2008). One of the two sources for 
the Hluhluwe/iMfolozi population, is the lion population in the Madikwe Game Reserve. These 
lions were monitored and results further illustrate how fast inbreeding coefficients rise if a small 
population is completely closed to gene flow (Trinkel et al. 2010). This leads to the notion that 
continuous supplementation of existing small and isolated populations may be needed and that 
a meta-population based management plan should be implemented for small reserves with no 
or reduced gene flow (Trinkel et al. 2010; Miller & Funston 2014). This is an important aspect that 
needs to be taken into account in the current debate about fencing of populations for conservation 
(Hayward & Kerley 2009; Packer et al. 2013a; b; Creel et al. 2013; Woodroffe et al. 2014).

Above mentioned cases have illustrated how genetic data can contribute to the understanding of the 
distribution of the genetic diversity in a species, and how this information can be applied in the field 
of conservation. With new technical and computational developments, genomic data are becoming 
readily available to conservation geneticists. Recently developed Next Generation Sequencing (NGS) 
techniques open up possibilities to target new magnitudes of genome-wide genetic markers, also 
in non-model organisms (Ekblom & Galindo 2011; Gayral et al. 2013). The versatile character of 
such datasets allow to tackle diverse questions of importance for conservation practices, ranging 
from the identification of management units, to insights into demographic histories (McCormack et 
al. 2013; McMahon et al. 2014). The entire genome of a single individual already provides enough 
data for many kinds of analyses, which may lead to a shift from “one gene, many individuals” to 

“few individuals, several genes”, as is suggested by McMahon et al. (2014). A shift from genetics to 
genomics may therefore open new possibilities in the field of conservation biology.

Research questions and thesis outline

In this thesis the intraspecific genetic diversity of the lion is explored. Current taxonomy, only 
distinguishing African lion (P. l. leo) and Asiatic lion (P. l. persica), does not reflect the diversity within 
the African subspecies. Considering the indications for a unique position of populations in West and 
Central Africa, the urgent conservation needs and the knowledge gap in this region, this research 
aims to clarify the position and status of the West and Central Africa lion. 

A number of approaches is applied, targeting different genetic markers, to solve the following 
questions: 

1) How is the intraspecific genetic diversity in the lion distributed, and what is the phylogenetic 
position of the West and Central African lion in particular? 

2) How can the phylogeographic pattern of the lion give insight into the evolutionary history 
of the species, and how does that relate to the phylogeographic patterns of other large 
African savannah mammals? 

3) How does the genetic diversity in West and Central African lions compare with Southern 
and Eastern African lions, and Asiatic lions? Is there evidence that populations went through 
bottlenecks? 

4) How do different genetic markers with different modes of inheritance and different 
coalescence times contribute to an insight into the genomic complexity underlying the 
intraspecific genetic diversity in the lion? 

5) Is a revision of lion taxonomy justified and advisable? What are the implications for 
management of the species, especially with respect to defining ESUs and MUs? 

This thesis is structured as follows: Chapter 1 is a general introduction, providing a background 
on the status of the world’s carnivores in general, and the lion in particular. Further it frames the 
field of phylogeography and conservation genetics. Most relevant studies on lion phylogenetics and 
population genetics are shortly reviewed. In Chapter 2 data of the two main phylogeographic studies 
on lions (Dubach et al. 2005; Barnett et al. 2006b) are combined and further extended by addition 
of new populations, mainly from West and Central Africa. Since mtDNA data may not represent the 
true underlying structure in a biogeographic context, nuclear markers were assessed for a number of 
representative populations in Chapter 3. In addition, genetic diversity measures were calculated to 
gain insight into the levels of genetic diversity on a population level, and detect traces of bottleneck 
events. Since microsatellite data, presented in Chapter 3, did not contradict the main genetic clades 
suggested in Chapter 2, the mtDNA dataset was expanded by more sampling locations to obtain 
a more fine scale picture of phylogeographic groups. Chapter 4 presents this dataset, including 
fourteen complete mitochondrial genomes from representative populations and aDNA data, along 
with newly published data from Barnett et al. (2006+2014). The phylogeographic pattern of the lion 
is compared to a range of large savannah species and its evolutionary history is assessed. Chapter 
5 describes the development of a new lion-specific genetic marker by SNP discovery from whole 
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genome data of ten lions. These data are analysed in a phylogeographic framework and compared 
to previously described scenarios in Chapter 2, 3 and 4. Chapter 6 is a general discussion, aiming 
to get a complete overview of available lion data and unraveling the phylogenetic relationships of 
the different lion clades and their evolutionary histories. It sums up with a look into the future and 
general recommendations on how to apply these data in the field of lion conservation.
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