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Chapter 1 Abstract

Molecular phylogenetics and conservation genetics of sportive lemurs

(Lepilemur spp.) in northwestern Madagascar

The aim of this thesis was to investigate for the first time the phylogeographic pattern and
processes in a large-bodied lemur genus, Lepilemur, in northwestern Madagascar. Both
ancient (genetic drift and speciation) and recent (habitat fragmentation due to anthropogenic
disturbances) processes of genetic differentiation should be disentangled in order to develop
effective conservation strategies. Sportive lemurs (Lepilemur spp.) are medium-sized
nocturnal primates that occur in different types of primary and secondary forests throughout
Madagascar. Several recent taxonomic revisions resulted in an extraordinary increase of
recognized species with poorly known distributions. Northern and northwestern Madagascar,
a part of the island that is subject to high levels of human interventions, has hardly been
studied in this respect. The first aim was to clarify the biogeography and phylogenetic
relationships of sportive lemurs in northwestern Madagascar. We tested predictions derived
from two biogeographic models by exploring the genetic and morphological divergence
among populations of Lepilemur. By using the phylogenetic analyses of mtDNA sequence
data, molecular diagnostic sites and phenotypic morphometric traits, we uncovered two
previously undetected species. Moreover, the distribution patterns of the seven species of
Lepilemur in the study region contradict the two existing biogeographic models. Brief species
descriptions are provided and a new biogeographic model is proposed (the ‘large river
model’). The second aim was to develop microsatellite markers for conservation genetics
studies of the Milne-Edwards’ sportive lemur (Lepilemur edwardsi). We isolated 21
microsatellites. Seventeen loci amplified and were found to be polymorphic. The third aim
was to investigate the effects of forest fragmentation on presence, abundance and genetic
diversity in L. edwardsi. The loss and fragmentation of forest habitats are well known
consequences of human activities. One result of this study is the disappearance of Lepilemur
from many fragments due to hunting. In addition, mtDNA and microsatellite markers detected
a negative influence of forest fragmentation on genetic diversity, and revealed signals of a
past demographic bottleneck. Given the results, urgent conservation actions are needed and
should concentrate on an effective protection in order to ensure the long-term survival of

L. edwardsi and the other sportive lemur species of the region.

Keywords: Lepilemur, conservation, phylogenetics
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Chapter 2 Zusammenfassung

Molekulare Phylogenie und Naturschutzgenetik von Wieselmakis

(Lepilemur spp.) im Nordwesten Madagaskars

Das Ziel dieser Studie war es, die phylogeographischen Muster und Prozesse einer grof3eren
Lemurengattung, Lepilemur, im Nordwesten Madagaskars zu untersuchen. Dabei sollten
sowohl historische (genetische Drift und Speziation) als auch rezente (Habitatfragmentierung
beruhend auf anthropogenen  Storungen) Prozesse genetischer Differenzierung
herausgearbeitet werden, um effektive Naturschutz-Strategien zu entwickeln. Wieselmakis
(Lepilemur spp.) sind mittelgroBe, nachtaktive Primaten, die in Madagaskars Primér- und
Sekundédrwildern vorkommen. Aufgrund einer Reihe von taxonomischen Revisionen ist die
Anzahl beschriebener Wieselmakiarten auBBergewohnlich stark angestiegen. Die Verbreitung
dieser neu beschriebenen Arten ist jedoch kaum bekannt. Der Norden und Nordwesten
Madagaskars mit seinen starken anthropogenen Einfliissen wurde in diesem Zusammenhang
bisher kaum untersucht. Das erste Ziel dieser Studie war es daher, die Biogeographie und
Phylogenie der Wieselmakis im Nordwesten Madagaskars aufzukldren. Wir testeten die
Voraussagen zweier biogeographischer Modelle, indem wir die genetische und
morphologische Divergenz zwischen verschiedenen Populationen von Wieselmakis
untersuchten. Mit Hilfe phylogenetischer Analysen von molekularen und morphologischen
Daten entdeckten wir zwei bislang unbekannte Arten. Die Verbreitungsmuster der insgesamt
sieben Wieselmakiarten der Region widersprachen den beiden biogeographischen Modellen.
Daraufhin postulierten wir ein neues biogeographisches Modell, das ,,large river model*. Das
zweite Ziel war die Entwicklung von Mikrosatelliten fiir naturschutzgenetische Studien des
Milne-Edwards’ Wieselmakis (Lepilemur edwardsi). Wir isolierten 21 Mikrosatelliten, von
denen 17 amplifizierten und polymorph waren. Das dritte Ziel war die Untersuchung der
Effekte von Waldfragmentierung auf das Vorkommen, die Abundanz und die genetische
Diversitét von L. edwardsi. Der Verlust und die Fragmentierung von Waldhabitaten sind wohl
bekannte Konsequenzen anthropogener Aktivititen. Ein Ergebnis dieser Studie ist das
Verschwinden der Wieselmakis von vielen Fragmenten aufgrund von Bejagung. Zusitzlich
entdeckten wir mit Hilfe von mitochondrialer DNS und Mikrosatelliten einen negativen
Einfluss von Waldfragmentierung auf die genetische Diversitit und Signale eines
demographischen  Flaschenhalses. = Aufgrund dieser Ergebnisse sind dringend
Naturschutzaktivititen notig, um einen effektiven Schutz und dadurch das Uberleben von

L. edwardsi und der anderen Wieselmakiarten der Region auf lange Sicht zu gewihrleisten.

Schlagworter: Lepilemur, Naturschutz, Phylogenie
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Chapter 3 General introduction

3.1 Origins of the Malagasy fauna

Madagascar, India and Africa were once part of the supercontinent Gondwana. This land
mass began to fragment approximately 170 million years ago, and by 83 million years, all
major components that we recognize today, were separated by tracts of water (Masters et al.,
2006). Today, Madagascar is located in the Indian Ocean southeast of Africa, separated by the
Mozambique Channel (Fig 1-1). With a total of almost 590 000 km®, Madagascar is the
world’s fourth largest island. It stretches 1 600 km north south across 14° latitude (~12°S to

26°S) and measures nearly 600 km across at its widest point.

N

<=

2 000 km

Figure 1-1: Map of Africa (light) and Madagascar (dark).

Madagascar has an asymmetric topography. Along latitude 22°S, the land surface rises
rapidly to 2 000 m within 100 km from the Indian Ocean and then gradually drops down over
400 km to the Mozambique Channel in the west. A steep drainage system flanks the east
coast, whereas the wide west coast plains support a series of large river deltas.

Madagascar has a wide range of climatic zones, from semi-desert in the southwest to

tropical forest in the east and north. The interior vegetation cover of Madagascar is also
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different from its coasts. Large areas of the central highlands of Madagascar (about 1 200 m)
support savannah grasslands, with heath and peatlands at higher altitudes that, in some places,
nearly reach 2 800 m.

Madagascar is one of the world’s hottest biodiversity hot spots and contains 3.2 % and
2.8 % of the total global endemic plants and vertebrates, respectively (Ganzhorn et al., 2001;
de Wit, 2003). The biogeographical origins of the extant terrestrial and freshwater vertebrate
fauna of Madagascar are one of the greatest unsolved questions of natural history (Wallace,
1892; Vences et al., 2001). About 96 % of the 4 220 Malagasy tree species and large shrubs
are restricted to Madagascar (e.g. six out of eight species of Baobab trees are found only in
Madagascar (Baum et al., 1998)), which is an extremely high level of endemism. Many of the
world’s chameleons live only in Madagascar, and all Malagasy frog genera are endemic,
except for one, shared with Southeast Asia. Lemurs, Madagascar’s primates, are 100 %
endemic. Scientists have long discussed the circumstances that have created this general
pattern and the origins of the ancestral lineages. There are two major hypotheses, Gondwana
vicariance followed by neoendemism (Simpson, 1940, 1951; Masters et al., 2006), and
Cenozoic dispersal followed by paleoendemism (Millot, 1953; Yoder & Nowak, 2006). The
former does not seem to be very likely, since cretaceous terrestrial fossils on Madagascar
have not yet revealed linkages to the extant Malagasy fauna and flora, and the few existing
molecular-clock data rather support a Cenozoic origin of the major groups at a time when
Madagascar was already isolated (Yoder et al., 1996a; Vences et al., 2001, Raxworthy et al.,
2002). Analyzing the evolutionary history of organisms by using cladistic methods brought up
vicariance biogeography, an approach that makes biogeographic predictions on the basis of
significant tectonic or environmental events that split up existing ecosystems. In the case of
Madagascar, separation after the fragmentation of Gondwana provides the primary framework
for such vicariance hypotheses. The lack of a continuous terrestrial fossil complicates
rigorous testing, but newly recovered fossils of endemic frogs show that this may change
(Asher & Krause, 1998).

Simple vicariance models alone cannot explain the origin of all animal groups that
originated in the Cenozoic. On Madagascar, problematic cases include lemurs and
chameleons and also some freshwater fish. The sister group of the indigenous freshwater fish

(cichlids) of Madagascar are found in the East African great lakes (Vences et al., 2001), and
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molecular estimates of divergence between major cichlid lineages are younger than the
separation of Madagascar from East Africa. Similarly, the global chameleon fossil record
goes back to 20 Ma, yet cladograms based on molecular and morphological evidence from 52
chameleon species suggest a Malagasy origin for chameleons with multiple radiations to
Africa and other Indian Ocean islands (Raxworthy et al., 2002). If this interpretation of the
chameleon radiation is correct, then Madagascar provides an independent evolutionary source
at least for some taxonomic groups. In contrast, the lemuriform radiation suggests that
adapiforms travelled in the opposite direction. Thus, ‘two-way traffic’ may have been as
important as vicariance in shaping the biogeography of Madagascar. Another disputed point is
the explanation of the extraordinary radiations on Madagascar. In all, there are more than
9 700 extant plant (16.4 per 100 km?) and 770 vertebrate (1.3 per 100 km?) species endemic
to Madagascar, respectively (Myers et al., 2000; Tyson, 2000).

3.2 Biodiversity and phylogeny of lemurs

The lemuroid radiation on Madagascar is the most diverse and extensive of all extant primate
radiations. Lemuroid body sizes span the entire range observed among extant primates, from
the smallest (approx. 30 g) to the largest (approx. 197,500 g) (Godfrey et al., 1995; Rowe,
1996), and diets, locomotor specializations and social organization vary accordingly (Fleagle,
1999).

The history of this radiation has been difficult to investigate due to the complete absence
of any primate fossil record on Madagascar prior to 26 000 years ago (Simons et al., 1995).
Thus, the only way to reveal the historical background is through reconstructions of
phylogenetic relationships among the living and recently extinct taxa. Much effort has been
driven towards the end of generating a reliable phylogeny for the Lemuroidea, based on
morphology, physiology, behaviour, and molecular genetics (DelPero et al., 2001). Almost all
possible relationships have been proposed, and most nodes have been contested.

During the last decade, nucleotide sequencing has become increasingly popular, and the
amount of genetic data stored in public databases has grown enormously (e.g. Adkins &
Honeycutt, 1994; Yoder, 1994; Porter et al., 1995; Yoder, 1996; Yoder et al., 1996a, b; Porter
etal., 1997; Yoder, 1997; Arnason etal., 1998; Goodman etal., 1998; Stanger-Hall &
Cunningham, 1998; Yoder & Irwin, 1999; Wyner et al., 2000; DelPero et al., 2001; Pastorini
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et al., 2001, 2003; Yang & Yoder, 2003; Poux & Douzery, 2004; Roos et al., 2004; Yoder &
Yang, 2004; Olivieri et al., 2007). Some species (e.g. Lemur catta, Microcebus murinus) have
been particularly well studied because of their use as outgroups or as examples of ancestral
primates in studies of molecular evolution (DelPero et al., 2006); others (e.g. indriids and
megaladapids) have been relatively neglected.

The living lemurs comprise of over 90 species grouped into 5 families (Mittermeier et al.,
2008). Including the recently extinct subfossil lemurs, the number of species increased even
more, classified into 22 genera and 7 families (DelPero et al. 2001). The closest relatives of
lemurs are the galagos (bushbabies) of Africa and the lorises of Africa and Asia.

The relationship between the different Lemuroidea families was long disputed and is still
controversial. In the last few decades, molecular methods have been widely applied with the
aim to clarify these relations. However, a diverse array of tree topologies was generated. Most
recent studies based on mtDNA and/or nuclear sequences and SINE (short interspersed
nuclear elements) integrations yielded eight different trees (Yoder et al., 1996a; Yoder et al.,
1996b; Yoder & Irwin, 1999; DelPero et al., 2001; Pastorini et al., 2003; Yang & Yoder,
2003; Poux & Douzery, 2004; Roos et al., 2004). To find a consensus, DelPero et al. (2006)
reconstructed a composite molecular data set of about 6 400 bp and analysed it with different
methods. However, even this large data set revealed different trees. The only certainty seems
to be that the family Daubentoniidae is the basal in-group taxon of the Lemuroidea.

Within families and genera, molecular phylogenetics has been applied mostly to
determine species identities and species boundaries (e.g. for Microcebus: Rasoloarison et al.,
2000; Louis et al., 2006b; Olivieri et al., 2007; Radespiel et al., 2008). As a consequence the
number of nominal Microcebus species has constantly been revised and increased over time.

The genus Lepilemur has long been neglected in terms of molecular phylogenetics.
Initially, Schwarz (1931) and Hill (1953) recognized only two species of Lepilemur:
L. mustelinus from the eastern rainforests and L. ruficaudatus from the western and southern
dry forests of Madagascar. L. ruficaudatus was further divided into two subspecies,
L. ruficaudatus ruficaudatus and L. ruficaudatus leucopus. Since then, the taxonomy of the
sportive lemurs has been repeatedly revised (Petter & Petter-Rousseaux, 1960; Rumpler &
Albignac, 1975; Petter et al., 1977; Tattersall, 1982; Jenkins, 1987; Mittermeier et al., 2008;
Ravoarimanana et al., 1999, 2004; Thalmann & Geissmann, 2000; Groves, 2001; Rumpler
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etal.,, 2001; Thalmann & Ganzhorn, 2003). Similar to the genus Microcebus, the genus
Lepilemur has undergone a dramatic expansion to 24 recognized species through the
taxonomic revisions of Andriaholinirina et al. (2006; described three new species), Louis
et al. (2006a; described 11 new species), Rabarivola et al. (2006; described one new species),
and Lei etal. (2008; described one new species). Additionally, Zinner et al. (2007) rose
important concerns about the sportive lemurs recently described in northwestern Madagascar,
expressing the need for comparative analyses including the holotypes (specifically L. dorsalis
and L. grandidieri) and respective data sets, along with an in-depth morphological analysis.
To complete our knowledge a connective approach is needed since many areas have not
been sampled at all. The distribution of a species cannot easily be deduced from the data
available. A region especially neglected is the North-West of Madagascar, where previous
samples originated only from the Ankarafantsika National Park (Lepilemur edwardsi). The
phylogenetic relationship between the numerous newly described species also remains
unclear, since the published phylogenetic trees are inconsistent with one another. For
conservation purposes and a better understanding of how the species have evolved it is
important to know the distribution limits of these species and the phylogenetic relationship
between them. So far, only simplistic phylogeographic scenarios such as a north/south or an
east/west division have been suggested. However, there are other theories on how adaptive
radiation in the many endemic species of Madagascar may have taken place. Two major
models have been proposed to explain this radiation. The best known (Martin, 1972a, 1995)
suggests that major rivers and mountains jointly acted as effective barriers to gene flow and
thereby facilitated allopatric speciation processes. The second, a more recent model (Wilmé
et al., 20006), uses an analysis of Quaternary climatic shifts in the context of watersheds to
explain the process of speciation on the island. Quaternary paleoclimatic variation has played
an important role in the distribution and speciation of organisms (Hewitt, 2000; Straka, 1996;
Burney, 1997). During periods of glaciations, when the climate was cooler and drier, natural
habitats at lower elevations experienced more-pronounced arid conditions than did zones at
higher elevations (Haffer, 1969). Riverine habitats acted as buffers for the maintenance of
more mesic local conditions and potential corridors for retreat toward higher altitudinal zones.
The influence of these climatic shifts was not equal across watersheds, and those with sources

at relatively low elevations would have experienced more-notable ecological shifts, associated

10
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with aridification, and greater levels of habitat isolation than those occurring at higher
elevations. Nevertheless, no attempt has so far been undertaken to test these theories on a
large-bodied nocturnal lemur genus on a finer spatial scale. One aim of my study is therefore
to perform for the first time a fine-scaled sampling on a large-bodied nocturnal lemur,
sportive lemurs, in northwestern Madagascar in order to 1) define the distribution limits of all
sportive lemur species in that region, ii) determine the phylogenetic relationships between
these species, and iii) test to what extent the two biogeographic hypotheses mentioned above

predict species diversity in sportive lemurs.

3.3 Conservation of lemurs and the use of genetics for conservation
purposes

Madagascar’s diverse fauna and flora is currently highly endangered. Only about 2 000 years
ago humans settled on Madagascar. As a direct result of human activities, many areas on
Madagascar are now deforested or highly fragmented. Archaeological findings as well as
pollen and charcoal profiles indicate that until 100 years ago human densities remain
relatively low, with the exception of a few bigger but rather short-lived cities (e.g.
Radimilahy, 1997). Nevertheless, even these early settlers may have had a considerable
impact on the environment. Some studies aimed to quantify people’s role on Madagascar’s
Holocene extinction (e.g. Burney et al., 2004). However, so far only a few studies on extant
species have been conducted in order to investigate if there are signatures of population
decrease that correspond to these archaeological findings. Alternatively, the impact of early
settlers on extant species may have remained negligible, compared to what happened in the
last century when human population growth and land conversion has become particularly
rapid (e.g. Sussman et al., 1994; Olivieri et al., 2008).

Today, the major threats to lemurs include deforestation (land clearing for grazing,
firewood and charcoal production, construction, agriculture, selective logging, fires, mining
activities), hunting for food and capturing for the pet trade. Small distribution ranges coupled
with deforestation result in low total individual numbers. The remaining populations are
threatened by habitat fragmentation.

The enormous destruction of natural habitats in Madagascar by humans forces us to

initiate programmes for the conservation of its endangered species, such as the lemurs.

11
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Some 2 000 years ago, the lemurs of Madagascar (> 90 species among 15 genera currently
alive in Madagascar, which represents about 15 % of the whole diversity among primates
(Martin, 2000; Mittermeier et al., 2008; Tattersall, 2007)) inhabited a wide variety of wooded
terrains, from forests to open woodlands and marshlands (Godfrey et al., 1997). A spectacular
variety of life histories derived from a single ancestral primate that colonized Madagascar
around 60 Ma (Yoder & Yang, 2004). But human activities, such as overhunting and habitat
modifications, led at least 17 species, belonging to nine different genera, to eventual
extinction (Simons, 1997; Godfrey & Jungers, 2003). Several entire families, the
Archaeolemuridae, Palacopropithecidae, and Megaladapidae, disappeared.

Many taxa in Madagascar are affected by the recent landscape changes. Some
conservation projects (e.g. Durbin et al., 2003) have chosen certain species to represent a
particular ecosystem in order to achieve protection. Usually, these flagship species are known
for their vulnerability, attractiveness or distinctiveness to gain best support and
acknowledgement from the public and the scientific community. The protection action
established for such key species will also protect its environment and influence conservation
of entire ecosystems.

At present, our knowledge of the population biology of many taxa is still rather limited.
In the past, conservation biology has been influenced mainly by ecology, but the necessity of
genetic approaches has been widely recognized during the last 15 years (Frankel & Soule,
1981; Schoenewald-Cox et al., 1983; Fiedler & Jain, 1992; Loeschke et al., 1994; Avise &
Hamrick, 1996). The structure of natural populations, e.g. the amount of genetic variability,
the degree of genetic diversity among local populations and, of course, correlations between
local environmental conditions and genetic variability should be known in order to optimize
in situ conservation programmes.

Conservation genetics is a relatively newly recognized subdiscipline of conservation
biology and aims to evaluate and to minimize the risk of decline or extinction due to genetic
factors. It thereby provides conservationists and environmental managers with new insights
into the extent of genetic diversity present in a population.

A general concern for the conservation of an endangered species in its natural habitat is
the maintenance of genetic variation within populations, particularly when the remaining

populations become fragmented and reduced in size. The loss of genetic variation can lead to

12
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short-term reduction of fitness (Allendorf & Leary, 1986; Primack, 1993; Lacy, 1997,
Frankham & Ralls, 1998). Changes in population size and density may also change
behavioural mechanisms, with negative consequences to gene flow (Greenwood, 1980;
Johnson & Gaines, 1990; Bohonak, 1999). Detectable changes in allele frequencies can occur
between subsequent generations, and can be an indicator for demographic changes (Luikart
et al., 1999).

Conservation biologists are concerned that small populations may enter an ‘extinction
vortex’ (Burney et al., 2004). Small populations are susceptible to extinction as a result of
demographic, environmental and genetic factors. The idea is that the interaction of these
factors may result in the number of individuals becoming smaller and smaller by negative
feedback loops until they are driven to extinction. Extinction can be the result of complex
interactions. The population may be first forced to a small size by habitat fragmentation.
Random genetic drift has a large effect on the genetic diversity of small populations. It is
unlikely that the sex ratio will remain equal in a small population. Consequently, the effective
population size can approach zero. The effects of inbreeding will begin to alter the average
fitness. All factors interact to reduce the census and effective population size, as well as the
genetic diversity. They put small populations at great risk. After a loss of genetic diversity,
the individuals present in the population may not be able to resist diseases or environmental
changes anymore. At this point, the population may be driven to extinction.

Genetic analyses of natural populations have allowed biologists to ask a wide variety of
questions, which previously could only be answered by extensive observations. A number of
genetic markers have proven to be useful, among which are microsatellite loci. Microsatellites
consist of 2-6 bp long repeat units that are repeated many times and provide the basis for an
extensive polymorphism. Recently, microsatellites have been increasingly used in genetics
(e.g. Beaumont, 1999; Radespiel et al., 2008; Turner et al., 2004). There are some advantages
of microsatellites compared to other markers. Microsatellite loci are found in large numbers,
are highly polymorphic and are relatively evenly spaced throughout the genome (Edwards
et al., 1991). Of the loci examined by Edwards et al. (1991), about 50 % are polymorphic.
Further, most loci are neutral which makes them compatible with the assumptions of most

theoretical population genetic models. Finally, microsatellites have been found to be

13
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polymorphic even in populations that have low levels of allozyme and mitochondrial
variation (Estoup et al., 1995a, 1995b, 1996; Paetkau & Strobeck, 1994).

Microsatellites are increasingly used in the field of conservation genetics (e.g. Michaux
et al., 2005; Wu et al., 2007; McDevitt et al., 2009). They allow the calculation of genetic
diversity, genetic differentiation, genetic structure and inbreeding. In addition, they can
provide estimations of genetic bottleneck effect. Since microsatellites are very taxon-specific,
they need to be newly developed for each taxonomic group. In lemurs microsatellites were
developed for a number of genera (e.g. Microcebus, Propithecus, Hapalemur, Eulemur, and
Phaner). For the large-bodied lemur genus Lepilemur microsatellites are not yet available.

In this study, I developed 17 microsatellites for L. edwardsi in order to investigate the
genetic diversity and demographic changes of this endangered lemur species.

The data collected for this thesis will contribute to a better understanding of the
consequences of habitat loss and fragmentation on the genetic diversity of sportive lemurs in
northwestern Madagascar. The accumulation of this kind of data is essential to decide which

kind of conservation measures are priorities in the near future.

3.4 Introduction of the model — Sportive lemurs (Lepilemur spp.)

Sportive lemurs are medium-sized nocturnal primates that are the only extant genus of the
family Lepilemuridae (Harcourt & Thornback, 1990; Mittermeier et al., 2008). In general, the
biology and conservation status of these species are only poorly known (Rasoloharijaona
etal., 2001; Ravaoarimanana etal., 2001). All Lepilemur are listed in the category
‘vulnerable’ or ‘endangered’ in the IUCN Red Data Book (www.redlist.org), because of the
rapid loss of forest habitats and the high threats imposed by poaching. Sportive lemurs are
‘slow clingers and leapers’ (Richard & Dewar, 1991), preferentially using vertical supports
for travelling. Various authors observed that they rest in tree holes or sometimes in dense
open vegetation during daytime (e.g. Petter etal., 1977; Harcourt & Thornback, 1990;
Rasoloharijaona et al., 2003; Mittermeier et al., 2008).

All sportive lemurs are folivorous. There is some information available on their feeding
ecology (e.g. Hladik et al., 1971; Ganzhorn, 1993; Thalmann, 2001), seasonal activity, and
locomotor ecology (e.g. Warren, 1994, 1997; Schmid & Ganzhorn, 1996; Nash, 1998; Drack

et al., 1999). The socioecology and communication of most species, however, is only poorly
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understood (Mueller & Thalmann, 2000, but see: Rasoloharijaona et al., 2006). Previously,
sportive lemurs were reported to live mainly solitarily (e.g. Petter et al., 1977; Jolly, 1988;
Kappeler, 1998). Recent field observations emphasized that the Milne Edwards’ sportive
lemur (Lepilemur edwardsi) generally uses holes of living or dead trees as daily sleeping
sites, and that it was seen often in groups of 2-3 animals (Petter et al., 1977; Warren, 1994;
Rasoloharijaona et al., 2000; Thalmann, 2001). It was therefore hypothesized that the Milne
Edwards’ sportive lemur forms a dispersed monogamous social organization (Mueller &
Thalmann, 2000; Rasoloharijaona et al., 2000), related to the quality and distribution of
sleeping sites (Rasoloharijaona et al., 2003; Rabesandratana, 2006). Overall, pair partners do
not differ in body length or body mass (Rasoloharijaona et al., 2003). Pairs use a very limited
number of sleeping holes in their home range, which do not differ in quality between sexes.
Pairs use these sites exclusively and defend them jointly against neighbours and strangers by
loud call displays (Rasoloharijaona et al., 2006; Mendez-Cardenas et al., 2008). The main
mating season extends from May to June, as indicated by the presence of males with high
testes volumes and estrous females (Randrianambinina et al., 2007). In the mating season,
early postmating season, and postparturition season, sexes do not differ in body mass, but in
August and November females have a significantly higher body mass than males, reflecting
pregnancy. Gravidity in females lasts for about four to five months (Randrianambinina et al.,
2007). Females give birth to a single offspring, which is left in its first days of life in the hole
of a sleeping tree; later on, it is transported orally by its mother and parked in the dense
vegetation during foraging (Petter etal., 1977; Rasoloharijjaona & Zimmermann, personal
observations).

Climate conditions in the dry deciduous forest of northwest Madagascar are harsh, with
large daily temperature fluctuations of up to 20°C throughout the year (Radespiel et al., 1998;
Rasoloharijaona et al., 2001). Suitable tree holes may provide some degree of thermal
insulation and may buffer large temperature differences in such a highly seasonal
environment (Charles-Dominique, 1971; Hladik, 1980; Radespiel etal., 1998). Known
predators of sportive lemurs are boas, nocturnal and diurnal raptors, and the largest Malagasy

carnivore, the fossa (Cryptoprocta ferox; Goodman et al., 1993).
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3.5 Aims of the study

Based on the current knowledge on sportive lemurs, this study investigates three main fields
of interest: Sportive lemur biogeography, phylogeny, and conservation genetics. The thesis
will be presented in three chapters that are in various stages of publication. The region studied
is the North-West of Madagascar. Extensive genetic sampling, development of genetic
markers, and genetic analyses of nuclear microsatellite loci and mtDNA genes were utilised in

this study to answer the following questions:

Sportive lemur biogeography (Chapter II)

* What is the distribution of L. edwardsi, L. sahamalazensis, and L. dorsalis in northwestern
Madagascar?

* What limits the distribution of different sportive lemur species?

* Do sportive lemurs follow the Martin (1995) or the Wilmé etal. (2006) model in

northwestern Madagascar?

Sportive lemur phylogeny and phylogeography (Chapter II, III and IV)

* What are the morphometric characteristics of the different species?

* What is the level of interspecific genetic differentiation?

* Which are the phylogenetic relationships between the different sportive lemur species?

* Can we detect genetic signatures of Pleistocene climate and phylogeographic changes?

Sportive lemur conservation genetics (Chapter II, III and IV)

* What is the level of intraspecific genetic differentiation?

* Is the level of intraspecific genetic differentiation comparable between species?

* Has forest fragmentation affected the genetic diversity of populations?

* Has hunting affected the abundance of sportive lemurs?

* How genetically differentiated are populations of L. edwardsi?

* Can signatures of population size changes be detected in present populations of
L. edwardsi?

* Can the changes in population size of L. edwardsi be dated and related to human activities?

* How well protected are the different species in northwestern Madagascar?

* Can the genetic data be related to field observations on habitat condition in order to

formulate adequate conservation recommendations?
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Chapter 4 Sportive lemur phylogeny

4 First study
Unexpected species diversity of Malagasy primates
(Lepilemur spp.) in the same biogeographical zone: a
morphological and molecular approach with the description

of two new species

4.1 Abstract

Background: The lemurs of Madagascar provide an excellent mammalian radiation to
explore mechanisms and processes favouring species diversity and evolution. Species
diversity, in particular of nocturnal species, increased considerably during the last decade.
However, the factors contributing to this high diversity are not well understood. We tested
predictions derived from two existing biogeographic models by exploring the genetic and
morphological divergence among populations of a widely distributed lemur genus, the
sportive lemur (Lepilemur ssp.) along a 560 km long transect from western to northern
Madagascar.

Results: By using the phylogenetic analyses of mtDNA sequence data, molecular diagnostic
sites, and phenotypic morphometric traits, we uncovered two previously undetected species
whose distributions contradict the two existing biogeographic models. Brief species
descriptions are provided and a new biogeographic model is proposed (the ‘large river
model’).

Conclusions: According to the ‘large river model’, large rivers in north and northwestern
Madagascar acted as geographical barriers for gene flow and facilitated speciation events on a
much smaller spatial scale than previously thought. Thereby, this study does not only show
that species diversity in nocturnal Malagasy primates is continuously underestimated but aims
to emphasize the need for conservation actions if those species with small ranges shall not

face extinction in the near future.
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4.2 Background

Malagasy lemurs constitute one of six major radiations of extant primates (Martin, 1990).
Lemurs show a remarkable species diversity, both numerically and in terms of adaptations
making them an excellent mammalian radiation to explore mechanisms and processes
underlying speciation and evolution. During the last decade, species diversity in lemurs
increased from 33 to currently 74 (Mittermeier et al., 2006; Olivieri et al., 2006). In relation to
the small surface area of Madagascar, diversity of species within this primate radiation is
quite high. Individual lemur species tend to have small geographic ranges in comparison to
other primates. Because of such limited geographic ranges and the high rate of deforestation,
the need for conservation action including genetic monitoring and effective management
policies is particularly urgent (Mittermeier et al., 2006; Ganzhorn et al., 1996/7). Two major
models have been proposed to explain diversity of Malagasy mammals.

The ‘Martin model’ divided northern and northwestern Madagascar into four
biogeographical zones (circles in Fig. 4-1) (Martin, 1972; Martin et al., 1995). The western
zone (W1) covers the area between the two major rivers Tsiribihina and Betsiboka. The
northwestern zone 1 covers the area between the two major rivers Betsiboka and Maevarano
(NW), the northwestern zone 2 the area between the rivers Maevarano and Mahavavy (X).
The northern zone (N) covers the area between the rivers Mahavavy and Fanambana. These
riverine barriers were hypothesized to form geographical boundaries to gene flow and
consequently favour allopatric speciation. This model of speciation within Madagascar was
refined (Martin et al., 1995) and it was shown that it is compatible with a reconstruction of
speciation within the families Lemuridae, Cheirogaleidae and Indridae (Pastorini et al., 2003).

The recent ‘Wilmé model’ explained the process of explosive speciation on the island
using a mechanistic model (Wilmé etal., 2006). Madagascar’s rivers and associated
watersheds with sources at relatively low elevations suggested to be zones of isolation that led
to the evolution of locally endemic taxa, whereas those at higher elevations were proposed to
have functioned as zones of retreat and dispersion and contain a lower level of
microendemism. Wilmé et al. (2006) divided northern and northwestern Madagascar into six
centres of endemism (squares in Fig. 4-1). The western zone (zone 8) covers the area between
the two major rivers Tsiribihina and Betsiboka, corresponding to Martin’s W1. One large

northwestern zone, zone 9, corresponded to Martin’s NW. Two smaller northwestern zones,
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zone 10, between the two rivers Maevarano and Sambirano, and zone 11 between the two
rivers Sambirano and Mahavavy were suggested. In addition, two northern zones, one
(zone 12), between the river Mahavavy and the continental divide between eastern and
western draining watersheds, and another (zone 1), between the continental divide and the

river Bemarivo, divided the N-zone of Martin into two partitions.
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Figure 4-1: Zonation of northwestern Madagascar described by Martin (1972), zones marked
with letters, and by Wilmé et al. (2006), zones marked with numbers.
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The geographical settings in northwestern and northern Madagascar are perfect to test if
allopatric speciation of a widely distributed lemur genus follows one of the models. Each
model predicts a different minimum number of species in this region and divergent
distributions. Whereas the ‘Martin model” predicts four species, the ‘Wilmé model” proposes
SiX species.

Sportive lemurs (Lepilemur spp.) are an excellent lemur group to test these two models of
mammalian distribution in Madagascar, because they occur in almost all forested regions on
the island. They are cat-sized vertical clingers and leapers with powerful hind legs. They are
nocturnal and totally arboreal. They live in dispersed pairs and have an elaborated vocal
repertoire (Rasoloharijaona et al., 2003, 2006; Thalmann & Ganzhorn, 2003). Because
differences in pelage colouration and other external characteristics between species are
inconspicuous, their early classification (Petit, 1933; Petter & Petter-Rousseaux, 1960) based
on morphological features was disputed until comprehensive cytogenetic approaches and
molecular studies allowed the recognition of twelve species (Thalmann & Ganzhorn, 2003;
Petter et al., 1977; Rumpler & Albignac, 1978; Tattersall, 1982; Andriaholinirina et al., 2006;
Rabarivola et al., 2006).

The aim of this study is to test the predictions from the models with the largest available
genetic and morphological data set of a large-bodied lemur. We sequenced three
mitochondrial genes of particular diagnostic importance for phylogeography (D-loop,
Cytochrome b, NADH dehydrogenase subunit 4) of individuals captured in 14 different
localities that covered a 560 km transect and the area between eight large rivers (Inter-River-
Systems, IRS) from western to northern Madagascar. In addition, morphometric data were
analysed in order to explore, to which extent genetic differentiation coincides with
morphological diversification. As in similar studies (e.g. Wyner et al., 1999; Ravaoarimanana
et al., 2004) we favour the phylogenetic species concept (Cracraft, 1983; Davis & Nixon,
1992), where fixed molecular differences among parapatric populations indicate the existence

of species barriers.
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4.3 Results

4.3.1 Phylogenetic relationships

The 48 sequences available for the D-loop (43 own sequences + five reference sequences),
after having cut out the hypervariable part, varied from 388 to 390 bp in length. 128
characters were constant, 201 variable characters were parsimony-uninformative and 66 were
parsimony-informative. There were 17 different haplotypes. The 72 sequences available for
the partial Cytochrome b (43 own sequences + 29 reference sequences) were 352 bp long,
with no indels. 211 characters were constant, 17 variable characters are parsimony-
uninformative and 124 were parsimony-informative. There were 32 different haplotypes. The
50 sequences available for the partial ND4 (43 own sequences + seven reference sequences)
varied from 630 to 631 bp in length. 408 characters were constant, 72 variable characters
were parsimony-uninformative and 153 were parsimony-informative characters. There were
19 different haplotypes. Table 4-1 shows the best-fit models for the three loci selected by the
hierarchical likelihood ratio test (hLRT) implemented in Modeltest3.5.mac. Based on the
single-gene-trees, derived for the new and reference sequences, the samples in this study
could be classified as follows: the individuals found in IRS 0 clustered with L. aeeclis, the
individuals found in IRS I with L. edwardsi, the individuals found in IRS IV with
L. sahamalazensis, the individuals found in IRS V and VI with L. dorsalis, the individuals
found in IRS VII with L. ankaranensis, the individuals from Kirindy with L. ruficaudatus and
the individuals from Mantadia with L. mustelinus. The individuals from IRS II and III did not
cluster with any of the reference sequences. No sampled individual clustered with the

reference sequences of L. leucopus, L. microdon, L. randrianasoli or L. septentrionalis.

Table 4-1: Best-fit mutation model for the mitochondrial loci and the concatenated sequence
selected by the hierarchical likelihood ratio test (hLRT) implemented in Modeltest3.5.mac.

Locus Method  Model Base Nst  Alpha  Pinvar  TRatio

D-loop ML,NJ  HKY+G 0.3066 0.2151 0.1828 0.2955 2 0.1752 0 3.2075
Cyth ML,NJ  HKY++G 0.3092 0.3229 0.1219 0.2460 2 3.5808 0.5469 12.5738
ND4 ML,NJ  HKY+G 0.3372 0.2697 0.1127 0.2804 2 02736 0 8.1268

concatenated ML, NJ  HKY+I+G 0.3124 0.2661 0.1377 0.2838 2 0.8801  0.3833 6.1953

Nst: number of substitution types; Pinvar: assumed proportion of invariable sites; Alpha: shape parameter;
TRatio: transition/transversion ratio
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In order to reconstruct the phylogenetic relationships within the genus Lepilemur, we
combined these three loci to one concatenated sequence, 1380 bp in length. 768 characters
were constant, 333 variable characters were parsimony-uninformative, and 279 were
parsimony-informative. There were 21 different haplotypes. The best-fit model selected by
hLRT in Modeltest 3.5.mac was the HKY+I+G model (Table 4-1). Figure 4-2 shows the
Neighbour-Joining tree based on the concatenated sequence. All populations within each IRS
clustered together, so that each IRS (including the populations Kirindy (West) and Mantadia
(East)) built separate terminal clades, supported by high bootstrap values (Fig. 4-2). The
phylogram consists of four major clades, a western, a northwestern, a northern clade, and the
clade of L. mustelinus. L. mustelinus branched off first, followed by the western clade that
consisted of IRS 0 and the individuals found in Kirindy (West) (bootstrap values between 93
and 96). The northern clade consisted of IRS IV, V, VI, and VII (bootstrap values of 100),
and the northwestern clade of IRS 1, II, and III (bootstrap values of 100). All so far recognized
species formed distinct terminal clades with moderate (L. ankaranensis, L. dorsalis) to large
(L. mustelinus, L. ruficaudatus, L. aeeclis) branch lengths. Branch lengths among IRS I, II,
and III in the northwestern clade were in the same scale as these between L. ankaranensis and

L. dorsalis.
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Figure 4-2: Neighbour-Joining tree based on the concatenated sequences of the three loci.
The branch lengths indicate the number of substitutions. The numbers at the nodes indicate
bootstrap values for internal branches (top: NJ, middle: MP, bottom: ML).
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The absolute pairwise distances within an IRS ranged from zero to seven characters
(Fig. 4-3). The absolute pairwise distances among IRSs (including Kirindy (West) and
Mantadia (East)) varied from 18 to 199 characters. The largest absolute pairwise distance
(199 characters) existed between L. aeeclis and L. mustelinus. The smallest absolute pairwise
distance (18 to 23 characters) among IRSs existed between IRS V and IRS VI, both of them
were previously supposed to give home to L. dorsalis. The relative genetic distance between
these two IRSs can be defined as intermediate between the intra-IRS differences (0-7 bp) and
the interspecific differences (32-199 bp). This level of differentiation could indicate the
presence of two subspecies of L. dorsalis. In accordance with the deep phylogenetic splits in
the Lepilemur tree among the western, northwestern, and northern clade, absolute pairwise
distances were always largest when crossing borders among neighbouring biogeographic
zones (L. aeeclis to L. edwardsi and IRS 11l to L. sahamalazensis, Fig. 4-3). When examining
the absolute pairwise distances among the IRSs within the northwestern clade, they were the
same size or even larger than between L. dorsalis and L. ankaranensis, which are accepted
species (Fig. 4-3).

Appendix 4-A, 4-B and 4-C shows the molecular diagnostic sites for each terminal clade
in each of the three genes. Recognized species had a total number of 1 (L. dorsalis) to 73
(L. mustelinus) sites that allowed identifying them unmistakably. The two terminal clades
containing the individuals of IRS II and III had a total of 11 and 7 diagnostic sites,
respectively. The absolute pairwise distances as well as the analysis of the diagnostic sites
indicate the presence of two new Lepilemur species in northwestern Madagascar, one in
IRS II and one in IRS III. Consequently, the geographic range of L. edwardsi is much smaller
than previously assumed, and limited exclusively to IRS I. By mapping each of these species
with respect to their geographical setting (IRS), it can be concluded that all large rivers act as

genetic barriers in this genus (Fig. 4-4).
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L. dorsalis (IRS V) to L. dorsalis (IRS VI) |- |-I| 4 1.32-1.68%
L. sahamalazensis to L. dorsalis - H - 3.94-4.24%
IRS III to L. sahamalazensis |- H - 9.28-9.35%
IRS Il to IRS IIT |- H - 3.50-3.57%
L. edwardsi to IRS TIT |- K within northwestern clade 4 2.77-2.85%
L. edwardsi to IRS I |- H 4 2.92-2.90%
L. aeeclis to L. edwardsi |- H - 10.08-10.16%
within IRSs -] 4 0.00-0.51%
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Figure 4-3: Absolute pairwise distances (minimum-maximum and mean) within IRSs,
between neighbouring IRSs/species and among the seven already described species.

4.3.2 Morphometry

The means and standard deviations of all morphometric variables for the nine
phylogenetically defined species are provided in Table 4-2. All variables showed significant
differences for species in the ANOVA. Post-hoc tests revealed that ear length and intraorbital
distance was significantly different in 15 of the 28 possible pairs of species and thereby the
two most distinct variables, followed by snout length (14/28), weight (12/28), head width, and
lower leg length (10/28), tail circumference (9/28), 3 toe length (8/28), interorbital distance,
and hind foot length (6/28), and tail length (4/28). Six variables showed tendencies
(0.05 <p<0.1) in one to two possible pairs of species. The Post-hoc tests revealed significant
differences between the northwestern and northern clade and between the northern clade and
L. mustelinus. Moreover, it could distinguish between all neighbouring species (established
and proposed), except between L. aeeclis from the western clade and L. edwardsi from the

northwestern clade (Table 4-2).
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Figure 4-4: Map of study sites, large rivers, and the zonation of the eight Inter-River-
Systems (IRSs).
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The discriminant function analysis used five variables for model calculation, ear length,
snout length, lower leg length, interorbital distance, and intraorbital distance. Two functions
were computed explaining a significant part of the morphometric variability between the six
established and two proposed species (Wilk’s A =0.006; Fs120)=8.355; p <0.000).
Table 4-3 shows the classification matrix, with correct classification in 82.5 % of the cross-
validated cases. The differences between the classification accuracy of each species ranged
from 60 % to 100 %. The individuals of L. aeeclis, L. sp. nova in IRS III and L. mustelinus
were correctly classified in 100 % of the cases. The individuals of L. sp. nova in IRS II and
L. ankaranensis were correctly classified in 80 %, and the individuals of L. edwardsi,
L. sahamalazensis, and L. dorsalis had the smallest percentage of correct classifications
(60 %). All misclassifications occurred within each major clade, indicating again cryptic

speciation within the genus Lepilemur.

Table 4-3: Classification matrix of the discriminant function analysis.

7 7 2
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- £ k= 3 S 2
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5 & 3 2 3 S 3 s 3
= 3 ¢ 2 2 5 & 5 £
S S 3 & & B < § S
X ~ ~ ~ ~ ~ ~ ~ ~
L. aeeclis 100.0 5 0 0 0 0 0 0 0
L. edwardsi 80.0 1 4 0 0 0 0 0 0
L. sp.nov. in IRS I 80.0 0 0 4 1 0 0 0 0
L. sp. nov. in IRS III 100.0 0 0 0 5 0 0 0 0
L. sahamalazensis 60.0 0 0 0 0 3 1 1 0
L. dorsalis 60.0 0 0 0 0 0 3 1 1
L. ankaranensis 80.0 0 0 0 0 0 1 4 0
L. mustelinus 100.0 0 0 0 0 0 0 0 5
total 82.5 6 4 4 6 3 5 6 6
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4.4 Discussion

4.4.1 Revised phylogeny of the genus Lepilemur

Molecular methods, such as DNA sequencing provide powerful tools to understand diversity
and phylogeny (Pastorini et al., 2003; Andriaholinirina et al., 2006; Yoder et al., 2003, 2005;
Vences et al., 2003; Jansa et al., 2006; Asher & Hoftreiter, 2006; Farias et al., 1999; Nagy
et al., 2003; Cooper et al., 2001). This could be confirmed by our study in sportive lemurs.
The phylogenetic trees distinguished all previously described species. Moreover, it provided
evidence for two previously unknown species in northwestern Madagascar. The absolute
pairwise distances between all species were in the range of those observed in other lemur
genera such as Mirza (Kappeler et al., 2005), Microcebus (Kappeler et al., 2005; Pastorini
et al., 2001; Yoder et al., 2000), Hapalemur (Fausser et al., 2002; Pastorini et al., 2002), and
Propithecus (Pastorini et al., 2003; Mayer et al., 2004). The two new taxa occurred in a single
IRS (IT and III) each. Their phylogenetic position in the tree, the genetic distances, and the
number of diagnostic sites, suggest a separation at the species level. Similar conclusions were
drawn with comparable approaches in other taxa (Andriaholinirina etal., 2006;
Ravaoarimanana et al., 2004; Asher & Hofreiter, 2006; Kappeler et al., 2005; Yoder et al.,
2000).

Besides the molecular evidence, the discriminant function analysis of the morphometric
data further supported the species status of the two new Lepilemur taxa (IRS II and III) in
northwestern Madagascar. Between 80 % (IRS II) and 100 % (IRS III) of the animals were
correctly classified into their IRS of origin. The ANOVA of the morphometric data detected
significant differences between the northwestern and northern clade and between the northern
clade and L. mustelinus. Moreover, it could differentiate between the neighbouring species
(established and proposed) within the northwestern and northern clade, but it could not
distinguish between L. edwardsi and L. aeeclis that are geographically separated by the river
Betsiboka. The differentiation between the northwestern and northern clade, and between the
northern clade and L. mustelinus is stronger than between the species within these major
clades. Although the lack of differentiation between the western and northwestern clade may

also partly be due to a sample size effect, it may also suggest cryptic speciation events in the
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genus Lepilemur not only within major clades as it is known in other taxa (Camargo et al.,
2006; Goetze, 2003; Piaggio & Perkins, 2005), but also between major clades.

The revised phylogeny of the genus Lepilemur is based on the combination of molecular
differences (genetic distances and diagnostic sites) and morphometric traits. Diagnostic sites
are also routinely used in DNA barcoding, which is becoming an increasingly important tool
in species identification (DeSalle, 2006). Although DNA barcoding requires a large and
nearly complete database of sequences to which individuals can be compared (Moritz &
Cicero, 2004; Will & Rubinoff, 2004), the diagnostic sites we identified can be seen as first

step towards such a database in Lepilemur.

4.4.2 Description of two new species
Lepilemur otto sp. nov.

Holotype: Individual 02y04bibo, adult male captured in Ambodimahabibo on the 1* of
August 2004 by M. Craul (Fig. 4-5, 4-6, 4-7).

Material: Tissue and hair samples, morphometric measurements as well as photographs of
02y04bibo are stored at the Institute of Zoology of the University of Veterinary Medicine

Hannover, Hannover, Germany.

Type locality: Madagascar: Province de Mahajanga, Ambodimahabibo (15°29°54,2”S,
47°28°47,2”E).

Paratype: Individuals 0ly0O4bibo, 03y04bibo, and 04y04bibo were captured in
Ambodimahabibo by M. Craul in 2004. Tissue and hair samples, morphometric
measurements as well as photographs of each paratype are stored at the Institute of Zoology

of the University of Veterinary Medicine Hannover, Hannover, Germany.

Description: The dorsal pelage, including shoulders and the upper and lower arms, is
predominantly grey-brown. A dark diffuse line runs from the middle of the upper skull down
the spine, ending in the middle or at the lower part of the back, but is never present on the tail.
The ventral pelage is generally grey to creamy. The coloration of the tail is grey-brown to

deep brown, sometimes with a white tail tip. The face and forehead are essentially grey.

Diagnosis: The sequenced mtDNA of Lepilemur otto has 11 diagnostic sites, 8 in the ND4
(positions 42=G, 57=T, 123=@G, 255=A, 306=C, 630=A, 631=T, 632=C; see
Appendix 6-B), and 3 in the D-loop (positions 20=C, 22=A, 23=T; see Appendix 6-C). L. otto
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differs from its closest relative, L. edwardsi, in 2.92-2.99 % and from its sister taxon
L. manasamody in 3.50-3.57 % in the sequenced mtDNA, respectively. The few
morphometric data, which are available at the moment, indicate that L. offo has a significant
longer snout than the neighbouring species south of the Mahajamba River, L. edwardsi. The
tail is significant short compared to the neighbouring species north of the Sofia River,
L. manasamody and to L. edwardsi. L. otto shows a tendency to have a wider head than
L. edwardsi and a bigger tail circumference than L. manasamody.

Distribution: The known distribution range of Lepilemur otto is so far limited to the sample
site. of Ambodimahabibo. This site is situated in the IRS II, which is limited by the
Mahajamba River in the west and the Sofia River in the north. Intensive surveys are now
required in this vastly deforested area to obtain additional information about the location and
viability of other remaining populations, so that conservation measures can be proposed.
Etymology: The name Lepilemur otto was chosen to acknowledge the donation of Dr.

Michael Otto for the purpose of research and conservation of Malagasy lemurs.

Vernacular name: Otto’s sportive lemur or Lépilemur de Otto.

Figure 4-5: Lepilemur otto, portrait of individual 02y04bibo (photo by M. Craul).
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Figure 4-7: Lepilemur otto, back of individual 02y04bibo (photo by M. Craul).
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Lepilemur manasamody sp. nov.

Holotype: Individual 16y03amb, adult female captured in Ambongabe on the 20" of
September 2003 by M. Craul (Fig. 4-8, 4-9, 4-10).
Material: Tissue and hair samples, morphometric measurements as well as photographs of

16y03amb are stored at the Institute of Zoology of the University of Veterinary Medicine

Hannover, Hannover, Germany.

Type locality: Madagascar: Province de Mahajanga, Ambongabe (15°19°38.3”S,
46°40°44.47E) and Anjiamangirana I (15°09°24.6”S, 47°44°06.2 E).

Paratype: Individuals 14y03amb and 15y03amb were captured in Ambongabe and
individuals 07y03anji, 08y03anji, and 09y03anji in Anjiamangirana I by M. Craul in 2003.
Tissue and hair samples, morphometric measurements as well as photographs of all paratypes
are stored at the Institute of Zoology of the University of Veterinary Medicine Hannover,

Hannover, Germany.

Description: The dorsal pelage is predominantly grey-brown, including shoulders, the upper
and lower arms. The ventral pelage is generally grey to creamy. The face and forehead are
essentially grey. From the middle of the upper skull, a dark diffuse line runs down the spine,
ending in the middle of lower part of the back. This line is never present on the tail. The tail is

grey-brown to deep brown, sometimes with a white tail tip.

Diagnosis: The sequenced mtDNA of Lepilemur manasamody has 7 diagnostic sites, 2 of
them in the Cytochrome b (positions 86 = G, 140 = G; see Appendix 6-A), 3 in the ND4
(positions 171 =T, 201 =G, 333 = A; see Appendix 6-B), and 2 in the D-loop (positions
75 =G, 156 =G; see Appendix 6-C). L. manasamody differs from its sister taxa L. otto in
3.50-3.57 % and from L. edwardsi in 2.77-2.92 % in the sequenced mtDNA, respectively. The
few morphometric data, which are available at the moment, indicate that L. manasamody has
a significantly longer tail than L. offo. L. manasamody has significantly longer ears and a
longer snout, a significantly wider head and bigger intraorbital distance and is heavier than
the neighbouring species to the north, L. sahamalazensis. It also shows a tendency to have a

smaller tail circumference than L. otto.

Distribution: The known distribution range of Lepilemur manasamody is so far limited to the

sample sites of Ambongabe and Anjiamangirana I. Both sites are situated in the IRS III,
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which is limited by the Sofia River in the south and the Maevarano River in the north.
Intensive surveys are now required to obtain additional information about the location and

viability of the remaining populations, so that conservation measures can be proposed.

Etymology: The name Lepilemur manasamody was chosen after the forest region

Manasamody, west of Anjiamangirana I between the Sofia and Maevarano River.

Vernacular name: Manasamody sportive lemur or Lépilemur de Manasamody.

Figure 4-9: Lepilemur manasamody, back of individual 16y03amb (photo by M. Craul).
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Figure 4-10: Lepilemur manasamody, body of individual 16y03amb (photo by M. Craul).

4.5 Conclusion

Our results showed that all species, except for L. mustelinus from the East, grouped in three
major clades (western, northwestern, and northern). Taking into account the species diversity
within each major clade, however, we can define seven biogeographic zones in northern and
northwestern Madagascar. When compared to the predictions derived from the ‘Martin
model’ and the ‘Wilmé model’, we find several inconsistencies to our data.

The ‘Martin model’ defined four biogeographic zones from western to northern
Madagascar (W1, NW, X and N). They corresponded well to the three deep phylogenetic
splits, that gave rise to the western, northwestern, and northern clade in our study. However,
the species diversity within each major clade could not be explained by this model.

The ‘Wilmé model’ defined six biogeographic zones from western to northern

Madagascar (numbers 8, 9, 10, 11, 12 and 1). This model may also explain the deep splits
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between the three major clades, but it proposed two more. One split is between IRS V and VI,
divided by the Sambirano River. This could be confirmed by our study, although it seems not
to be a species barrier for sportive lemurs. The level of absolute pairwise distances is
intermediate and may rather suggest a variation on a subspecies level. Very recently however,
Rabarivola et al. (2006) proposed species status for the individuals in IRS V based on
cytogenetics (Rabarivola et al., 2006). They collected samples in IRS V at a locality further
north of Mahilaka and the number of chromosomes differed between individuals from IRS V
(2N = 24) and the neighbouring Lepilemur sahamalazensis (2N = 26) and Lepilemur dorsalis
(2N =26). The second additional split indicated by the ‘Wilmé model’ is that between zone
12 and 1. This split could not be confirmed by our study, since all individuals found in
IRS VII (corresponding to Wilmé’s zones 12 and 1) clustered together and belonged to the
species L. ankaranensis. One major discrepancy exists between our findings and the ‘Wilmé
model’. The ‘Wilmé model’ predicts one centre of endemism in northwestern Madagascar
(zone 9), which should correspond to one Lepilemur species in that area. Our study provided
evidence, however, for three species of sportive lemurs between the Betsiboka and
Maevarano River, each restricted to one of the three IRSs. Thus, we showed that each IRS is
represented as a separate terminal clade in the phylogenetic trees, building distinct
phylogenetic units. At least six of the seven large rivers act as species barriers for Lepilemur.
Therefore, we propose a new model, the ‘large river model’ to explain the biogeography of
this large-bodied nocturnal lemur genus. Large rivers acted as insurmountable barriers for
gene flow, leading to cryptic speciation within larger biogeographic units. Except for IRS V
and VI, the genetic distances among all IRSs reach species level.

The deep splits between the major clades may indicate initial colonization events, with
the Betsiboka and Maevarano River playing a major role in long-term and continuous
isolation of western, northwestern, and northern Madagascar. The splits within each major
clade however, indicate younger cryptic speciation events. Populations, initially belonging to
one founder species, entered the IRSs I-III and VI-VII respectively, and were subsequently
separated from each other by the rivers Mahajamba and Sofia, and the Andranomalaza.
Quaternary paleoclimatic variation may have played another important role in shaping
biogeography and speciation events on Madagascar. The climate during periods of glaciations

was cooler and drier than today (Wilmé et al., 2006; Haffer, 1969; de Wit, 2003). Rivers with
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year-round watercourse could have acted as retreats/refugia in times of aridification. All
seven large rivers in northwestern and northern Madagascar should have belonged to this
category, since the genetic isolation of the IRSs would otherwise not have persisted over time
and signs of repeated introgression should be detectable. Subsequent recolonization of the
IRSs should thereby have originated from small and isolated refugia, which further promoted
genetic differentiation between the IRSs.

In conclusion, we presented evidence for an unexpected species diversity of sportive
lemurs in northwestern and northern Madagascar. Current biogeographic models were not
sufficient to explain the underlying processes of speciation. We therefore suggest a new
model of biogeographical zonation, the ‘large river model’. In this model, biogeographic
zones are separated and maintained over time by all large rivers with permanent water bodies
that may have provided retreat zones during periods of aridification and may have harboured
founder populations for subsequent recolonization. The importance of large rivers as
biogeographic barriers was previously emphasized for mouse lemurs (Olivieri et al., 2006),
but also for Neotropical primates (Ayres & Clutton-Brock, 1992; Lehman, 2004). Further
studies are now needed to test the relevance of this model for other terrestrial taxa, such as the

insectivores, rodents, or other lemurs.

4.6 Methods

4.6.1 Fieldwork

A total of 157 Lepilemur individuals were captured at 14 different localities along a 560 km
transect from western to northern Madagascar (Fig. 4-4, Table 4-4). This region is divided by
eight large rivers (over 50 m wide 20 km inlands) into eight Inter-River-Systems (IRS 0 to
IRS VII, Fig. 4-4). Six localities were sampled by Mathias Craul (MC) and eight localities
were sampled by Solofo Rasoloharijaona (SR) and Blanchard Randrianambinina (BR). At
each site we performed daily and nightly surveys to capture the animals. At daytime we used
a net to capture the animals out of their sleeping holes and briefly anesthetised them with
Ketasel-5 (Selectavet). At night time we anesthetised the animals using a blowpipe
(TELINJECT B22T) with Ketasel-5 (Selectavet). Each captured sportive lemur was then
characterised with regard to sex, skin colour, reproductive status (testis size or form of vulva),

13 external morphometric measures (ear length, ear width, head length, head width, snout
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length, interorbital distance, intraorbital distance, lower leg length, hind foot length, 3" toe
length, body length, tail length, tail circumference) and body mass (Rasoloharijaona et al.,
2006; Zimmermann et al., 1998)). In addition, a small biopsy from one or both pinnae was
taken as tissue samples. Tissue samples were stored in Queen’s lysis buffer (Seutin et al.,

1991) for later DNA extraction and genetic analyses.

Table 4-4: Details of study sites.

Locality Abbreviation Coordinates Origin
Madirovalo Madi 16°22°45.6”S, 46°29°01.9”E IRS 0
Ampijoroa JBB 16°17°S, 46°48°E IRS 1
Mariarano Mari 15°28°50.3”S, 46°41°19.0”E IRS I
Tananvaovao Tan 15°28°15.5”’S, 46°39°59.4”E IRS I
Ambodimahabibo bibo 15°29°54.2S, 47°28°47.2”E IRS 11
Ambongabe Amb 15°19°38.3”S, 47°40°44 4”E IRS III
Anjiamangirana | Anji 15°09°24.6’S, 47°44°06.2”E IRS III
Ankarafa Sah 14°22°47.8”S, 47°45°26.3”E IRS IV
Mabhilaka Mah 14°17°12.0”S, 48°12°12.0”E IRSV
Lokobe Lok 13°23°23.9”S, 48°20°31.0”E IRS VI
Manehoka oka 13°25°49.0’S, 48°47°51.0”E IRS VI
Ankavana Anka 12°46°55.77S, 49°22°27.4”E IRS VII
Ankarana kar 12°58°05.0’S, 49°08°18.0”E IRS VII
Analabe Ana 12°45°13.8S, 49°30°03.9”E IRS VII
Kirindy Kir 20°03’S, 44°37°E West
Mantadia Man 18°47°S, 48°25°E East

4.6.2 Molecular methods and analyses

DNA from the tissue of 37 individuals was isolated with the DNeasy Tissue Kit (Qiagen), or
extracted using a standard proteinase K digestion followed by a Phenol/Chloroform protocol

(Sambrock et al., 1991) and stored at -20°C. In addition, we analysed the DNA of two
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individuals of Lepilemur ruficaudatus (Kirindy forest, western Madagascar) provided by
Yves Rumpler and of four individuals from Mantadia (eastern Madagascar) sampled
previously by SR and BR. We sequenced the mitochondrial genes D-loop, Cytochrome b and
NADH-dehydrogenase subunit 4 (ND4), because reference sequences from all eleven
recognized species were available for these particular markers. The complete D-loop was
amplified with the oligonucleotide primers DLp-1.5: 5’-GCA CCC AAA GCT GAR RTT
CTA-3’ and DLp-5: 5°-CCA TCG WGA TGT CTT ATT TAA GRG GAA-3’ (Wyner et al.,
1999). Standard PCRs were carried out in a 25pl reaction with a final concentration of 1pM
for each primer, 1.5mM for MgCl,, 0.2mM for each dNTP, 1xNHj4 reaction buffer (50mM
Tris-HCI pH 8.8, 16mM (NH,), SOy, 0.1 % Tween” 20), 1.25 units of Taq DNA polymerase,
and 1pl of DNA. Successful amplifications were obtained using the following protocol: 35
cycles of denaturing at 94°C for 60 seconds, primer annealing at 47°C for 60 seconds and
extension at 72°C for 90 seconds. The partial Cytochrome b was amplified with the
oligonucleotide primers L14841: 5°-AAA AAG CTT CCA TCC AAC ATC TCA GCA TGA
TGA AA-3" and H15149: 5°-AAA CTG CAG CCC CTC AGA ATG ATA TTT GTC CTC
A-3’ (Kocher et al., 1989). Standard PCRs were carried out in a 25ul reaction with a final
concentration of 1uM for each primer, 1.5mM for MgCl,, 0.2mM for each dANTP, 1xNH4
reaction buffer (50mM Tris-HCI pH 8.8, 16mM (NHy), SOs, 0.1 % Tween® 20), 1.25 units of
Taq DNA polymerase, and 1ul of DNA. Successful amplifications were obtained using the
following protocol: 35 cycles of denaturing at 94°C for 60 seconds, primer annealing at 47°C
for 60 seconds and extension at 72°C for 90 seconds. The partial NADH-dehydrogenase
subunit 4 was amplified with the oligonucleotide primers LepiP1: 5’-TTG ATG TAG TAT
GAC TRT TCC-3’ and LepiR1: 5°-GCC AAA CCG ATG GCT GCT TCA CAG GCT GCA
AG-3’ (Pastorini, 2000). Standard PCRs were carried out in a 25ul reaction with a final
concentration of 1uM for each primer, 1.5mM for MgCl,, 0.2mM for each dANTP, 1xNH4
reaction buffer (50mM Tris-HCI pH 8.8, 16mM (NHy), SOs, 0.1 % Tween® 20), 1.25 units of
Taq DNA polymerase, and 1ul of DNA. Successful amplifications were obtained using the
following protocol: 40 cycles of denaturing 95°C for 30 seconds, primer annealing at 60°C for
60 seconds and extension at 72°C for 60 seconds. The PCR products were cleaned with the
Invisorb Spin PCRapid Kit (Invitek) or Quick-Clean (Bioline) and checked for successful

amplification by running an aliquot on a 1.5 % agarose gel, stained with 1.3x10™ mg/ml

51



Chapter 4 Sportive lemur phylogeny

ethidium bromide. After cleaning the PCR products, cycle sequencing reactions were carried
out using DYEnamic™ ET dye terminator kit (Amersham Biosciences) and the primers
indicated above. After a second cleaning with ammonium acetate, provided with the
DYEnamic™ ET dye terminator kit, the PCR products were sequenced on a MegaBACE™
1000 DNA Sequencing System (Amersham Biosciences). The respective sequences were

deposited in GenBank (Table 4-5).
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For a comprehensive phylogenetic analysis of the sequence data, we expanded our data
set with reference sequences from all eleven recognized species available from GenBank
(Table 4-5). As outgroup for phylogenetic tree reconstructions, we selected Propithecus
diadema. Sequences were aligned using the program CLUSTAL X (Thompson et al., 1997)
and checked by eye. Tree reconstructions of each single gene were carried out to
phylogenetically classify the sampled individuals within the genus Lepilemur. Because of the
lack of reference sequences of single individuals for all three genes, further phylogenetic tree
reconstructions based on all three genes were performed only with our own data set consisting
of 43 sequences. Phylogenetic tree reconstructions were carried out with the maximum-
parsimony (MP), neighbour-joining (NJ), and maximum-likelihood (ML) algorithms as
implemented in PAUP4.0b10 (Swofford, 1999). Throughout the analyses, all characters were
treated as unordered and equally weighted. Gaps were considered as missing data in NJ and
ML, but were treated as fifth character in MP analysis. The NJ and ML trees were constructed
using the best-fit model selected by the hierarchical likelihood ratio test (hLRT) in
Modeltest3.5.mac (Posada & Crandall, 1998). Relative support of internal nodes was
provided by bootstrap analyses with 1 000 replications for MP and NJ and 100 replications
for ML. Absolute pairwise distances were calculated using PAUP4.0b10 and ARLEQUIN 1.1
to describe the variation among taxa. To determine fixed molecular differences among
terminal clades (indicating barriers for gene flow), diagnostic sites for each terminal clade to

all others were identified using the program MEGA 3.1 (Kumar et al., 2004).

4.6.3 Statistical analyses of morphometric data

Quantitative analyses of morphometric data were carried out with two different sample sizes.
The ANOVA was conducted with 100 individuals. After removing two variables that differed
among researchers (1-way ANOVA, STATISTICA 6.0, Statsoft, Inc.), the 11 remaining
variables were tested for normality using the Kolmogorov-Smirnov test (Statistica 6.0,
StatSoft, Inc.) at a level of p < 0.05. All were normally distributed. A MANOVA revealed no
differences in sex. The variables were then tested for correlation. All variables had an » < 0.75
and were therefore defined as sufficiently independent to be used in a discriminant function
analysis (Braune et al., 2005). This analysis was limited to five adult individuals per species

(established and proposed) in order to equilibrate the samples. The discriminant function
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analysis tested only for species differences and for differences between the IRSs. A stepwise
forward method (statistic: Wilk’s A) with the criteria Fy, oper= 3.84 and Fy, yemove=2.71 and a
tolerance level of p <0.01 was used to calculate the discriminant function model. The
computed discriminant functions were used to classify cases with regard to their group
membership. All cases were cross-validated by the ‘leave-one-out” method, where each case
in the analysis is classified by the functions derived from all cases other than that case. The

discriminant function analysis was carried out with the program SPSS 13.0 (SPSS, Inc.).

4.7 Footnote

During the review process of this paper, Louis Jr. et al. (2006) described a new sportive lemur
species in IRS III. It was named Lepilemur grewcockorum. This might be a synonym to
L. manasamody, as our sampling sites of this species were in the same IRS. However, a joint

phylogenetic analysis is still needed to verify the identity of both forms.
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5 Second study
Isolation of sixteen autosomal loci and a sex-linked
microsatellite locus from the Milne-Edwards’ sportive lemur

(Lepilemur edwardsi)

5.1 Abstract

We isolated twenty-one microsatellites from the Milne-Edwards’ sportive lemur, Lepilemur
edwardsi. Eighteen microsatellite sequences possessed sufficient flanking DNA for primer
design. Seventeen loci amplified and were found to be polymorphic displaying two to 17
alleles in 32 unrelated individuals from a population from the Ankarafantsika National Park in
northwestern Madagascar. One locus (Led-12) was found to be sex-linked located on the X
chromosome and can be used to sex-type 40% of female Lepilemur edwardsi lemurs. These
17 loci were characterised to investigate family structure and the phylogeography of

L. edwardsi.

68



Chapter 5 Microsatellite markers of L. edwardsi

5.2 Main text of publication

Sportive lemurs (Lepilemur spp.) are endemic to Madagascar. They belong to the large-
bodied, nocturnal lemurs of the family Lepilemuridae and are found in almost all forested
regions of Madagascar. The species diversity, phylogenetic history, and conservation status of
Lepilemur are all debated (Yoder & Yang, 2004; Craul et al., 2007). All Lepilemur species are
assigned to the categories ‘lower risk’, ‘vulnerable’ or ‘endangered’ in the International
Union for the Conservation of Nature and Natural Resources (IUCN) Red Data Book
(www.redlist.org), due to the rapid loss of forest habitats and the high threat imposed by
poaching.

Tissue samples were collected from 32 unrelated Milne-Edwards’ sportive lemurs from
northwestern Madagascar. Genomic DNA was extracted from ear tissue of each individual
using the DNeasy Tissue Kit (Qiagen, Germany).

A standard genomic library was constructed (without enrichment) following the protocol
provided by the Sheffield Molecular Genetics Facility (http://www.shef.ac.uk/molecol/smgf).
Briefly, genomic DNA, pooled from two unrelated female Lepilemur edwardsi individuals
(14-03 and 05-03), was digested with Mbol (ABgene). The digested DNA was ligated into
pUC18-BamHI-BAP vector (Amersham Pharmacia Biotech) and transformed into XL1-Blue
competent cells (Stratagene). In total, 29 800 transformant colonies were transferred to a
Hybond-N nylon membrane (Amersham Pharmacia Biotech) and screened by hybridisation to
the sequences (CA.GT),, (GA.CT), (Amersham Pharmacia Biotech) or (GATA), (prepared as
in Armour et al., 1994) radiolabelled with (a**P)-dCTP. One hundred and nine autoradiograph
positives were obtained.

Positive clones were sequenced with the M13 forward primer (5°-TGT AAA ACG ACG
GCC AGT-3’). All sequences containing a microsatellite repeat region were sequenced with
the M13 reverse primer (5’-CAG GAA ACA GCT ATG AC-3’) and consensus sequence files
created. Sequencing was performed using ABI BigDye Terminators (Mix version 1.1) on an
ABI 3730 Sequencer (PE Applied Biosystems). Of the 109 clones sequenced, 21 contained
microsatellite repeat motifs with more than 10 uninterrupted repeats or with multiple shorter
interspersed repeats. However, only 17 of 21 possessed suitable flanking regions for primer
design and could be amplified via polymerase chain reaction (PCR) (Table 5-1). These 21

repeat-containing sequences were confirmed unique using stand-alone BLASTN 2.2.4
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software (Altschul et al., 1997), submitted to the European Molecular Biology Laboratory
(EMBL) database (EMBL Accession nos AJ717492 - AJ717512).

PCR primers were designed for 18 sequences using PRIMER version 3 (Rozen &
Skaletsky, 2000, Table 5-1). Primers were not designed for three loci that had less than 10 bp
of flanking sequence (Led-02, Led-14 and Led-21).

A 10 pl PCR reaction was performed with each primer pair containing 50 ng of genomic
DNA, 1.0 uM of each primer and 0.25 units 7ag DNA polymerase (Thermoprime Plus,
ABgene) in the manufacturer’s buffer [final concentrations 20 mM (NH,4),SOy4, 75 mM Tris-
HCI pH 9.0, 0.01 % (w/v) Tween® 20], including 1.0-3.0 mM MgCl, (Table 5-1) and 0.2 mM
of each ANTP. The 5’ end of the forward primer of every pair was fluoro-labelled (Table 5-1).
PCR amplification was performed in a Hybaid Touchdown thermal cycler (Thermo Hybaid).
The reaction profile used was 94°C for 3 min then 94°C for 30 s, annealing temperatures as
described in Table 5-1 for 30 s, 72°C for 30 s during 35 cycles and a final extension at 72°C
for 3 min.

PCR amplification was visualised on 2 % agarose gels. Allele sizes were assigned using
GENOTYPER 3.6 NT software (PE Biosystems) on an ABI3730 DNA Sequencer. Primers
for locus Led-06 did not amplify any product. Seventeen loci were polymorphic, displaying
two to 17 alleles in 32 unrelated individuals (of known sex) belonging to a single population
from the Ankarafantsika National Park in northwestern Madagascar (Table 5-1).

Loci were checked for sex linkage by observation of the genotypes of known sex
individuals. Heterozygotes were found in both sexes for 16 loci, suggesting that these loci
were not sex-linked (X or Y) but for one polymorphic locus (Led-12), all of the 12 males
tested were homozygous but the 18 females were either heterozygous or homozygous
(Table 5-1), suggesting this locus was sex-linked being located on the X chromosome. All
sequences were compared to the genome sequence of two other primates (chimp and human)
using an ENSEMBL WU-BLAST with the ‘distant homologies’ settings
(http://www.ensembl.org/index.html). The Led-12 sequence possessed high sequence
similarity across the lemur sequence flanking both sides of the repeat region to the
chimp/human X chromosome, supporting its suggested X-linked status (E-val =1.5e-39).
Since this locus is sex-linked, we calculated the observed and expected heterozygosity values

using the 18 female genotypes only. Led-12 had an observed heterozygosity of 0.40
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(Table 5-1) and therefore can be used to confidently sex-type approximately 40 % of female
Lepilemur edwardsi. Homozygous genotypes may indicate a homozygous female or a
(hemizygous) male so cannot be used to assign sex.

Observed and expected heterozygosity and a test for Hardy-Weinberg Equilibrium
(HWE) were calculated for each locus using ARLEQUIN 3.01 (Excoffier et al., 2005; Table
5-1). Tests for linkage disequilibrium were conducted using GENEPOP (Raymond &
Rousset, 1995). No pairs of loci displayed linkage disequilibrium after correcting for multiple
tests (Rice, 1989). One locus (Led-12) was not in agreement with HWE expectations
(Table 5-1). This may be due in part to the high numbers of alleles displayed by each locus
when relatively few individuals were genotyped or may be due to null alleles.

These 17 loci will be used to sex-type lemurs and investigate family structure and the
phylogeography of Lepilemur edwardsi. Led-12 will also be used to sex-type individuals and
may be especially useful to sex-type lemurs sampled from hair traps or fecal samples (when

the individual is no longer present so sex cannot be assigned).
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5.5 Erratum

Craul M, Dawson DA, Radespiel U, Zimmermann E and Bruford MW (2009) Isolation of
sixteen autosomal loci and a sex-linked polymorphic microsatellite locus from the Milne-

Edwards’ sportive lemur (Lepilemur edwardsi). Molecular Ecology Resources 9, 333-335.

This article was published in Molecular Ecology Resources in 2009, since publication we

have observed errors in Table 5-1.

In column 8, the number of individuals (n) genotyped for Led-01, Led-11, and Led-16 to
Led-20 is not correct. In column 11, the observed allele size (bp) for Led-08, Led-11, Led-16,
and Led-20 is not correct. In column 12, the expected heterozygosity (H.) for all loci is not
correct. In column 13, the observed heterozygosity (H,) for all loci is not correct. In column

14, the exact p for the Hardy-Weinberg equilibrium test (puw) for all loci is not correct.
These errors have been rectified in the Table 5-1 below.
The text did not contain errors and remains unchanged.

We sincerely apologise for these errors.
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Chapter 6 Population genetics of L. edwardsi

6  Third study
Influence of forest fragmentation on an endangered large-

bodied lemur in northwestern Madagascar

6.1 Abstract

Madagascar’s diverse and mostly endemic fauna and flora suffer from recent landscape
changes that are primarily caused by high levels of human interventions. The loss and
fragmentation of forest habitats are well known consequences of human activities. In this
study, we investigate the effects of forest fragmentation on presence, abundance, and genetic
diversity in a large-bodied lemur species, Lepilemur edwardsi, in northwestern Madagascar.
In addition, we characterized the genetic differentiation among populations and demographic
changes. We found L. edwardsi at only 13 (76.5 %) of 17 visited sites, 11 of which were
situated in the Ankarafantsika National Park (ANP). We captured between two and 17
individuals per site. We sequenced the mtDNA D-loop of all samples and genotyped 14
microsatellite loci in two exemplary populations for demographic analyses. A negative
influence on forest fragmentation could be detected, since the fragments had a lower genetic
diversity than sites in the ANP. Genetic differentiation between populations ranged from low
to high but was almost always significant. A typical pattern of isolation-by-distance could not
be detected and the data could rather be interpreted as results of random genetic drift. The
data furthermore revealed signals of a demographic collapse of about two orders of magnitude
in the two exemplary sites. This decline probably started during the last few hundred years of
intensified human disturbances and population growth. Given the results of this study, urgent
conservation actions are needed and should concentrate on an effective protection of the few

remaining populations in order to ensure the long-term survival of L. edwardsi.
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6.2 Introduction

Habitat loss and fragmentation are among the most pervasive causes of biodiversity loss in
the tropics (Laurance et al., 2000). Although they can and do also occur naturally (Watson,
2002), the most important and largest-scale cause of fragmentation is anthropogenic habitat
modification leading to a severe loss of habitat surface area (Fahrig, 2003). Fragmentation
affects animal populations on several levels and time scales. Direct invasive effects include
increased hunting, logging, and burning (Turner, 1996). At the landscape scale, alterations in
habitat characteristics may lead to unfavourable environmental conditions such as the
increased spatial discontinuity of habitats, which may affect population viability and
demography in the long term (Turner, 1996). Negative effects of fragmentation on population
sizes have been demonstrated in many species. From a genetic viewpoint, Goossens et al.
(2006) have shown that orang-utans from northeastern Borneo have undergone a dramatic
population decline that was mainly due to recent habitat loss and fragmentation through
human pressure.

Negative effects of habitat fragmentation have also been demonstrated in Malagasy
wildlife including lemurs (e.g., Ganzhorn et al., 2003; Scott et al., 2006; Dunham et al.,
2008). However, most studies have focused on the number of species surviving in fragments
of varying sizes, and very few have investigated the effects of fragmentation on genetic
diversity. In a recent study on mouse lemurs (Microcebus spp.), Olivieri et al. (2008) have
shown that forest loss and fragmentation led to dramatic population declines, which probably
took place within the last 500 years. However, population genetic studies concentrating on the
effects of forest fragmentation on other lemur species and on large-bodied species in
particular are still lacking to our knowledge.

The complex topography and the geographical location of Madagascar, southeast of the
African Continent, generated a wide range of climates and environments on the island (Myers
et al., 2000; Yoder & Nowak, 2006). The long isolation from the African Continent led to the
evolution of an exceptional biodiversity that is characterized by extremely high levels of
endemism in almost all taxonomic groups. These unique settings make the island one of the
world’s highest priority areas for biodiversity conservation (Myers et al., 2000; Goodman &
Benstead, 2003; Kremen et al., 2008). However, during the last millennia this extremely

diverse and mostly endemic fauna and flora has suffered from major environmental changes,
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leading to the extinction of many species (Dewar, 2003). Madagascar has already lost 90 % of
its primary vegetation, and forest landscapes are now reduced to a mosaic of fragments of
varying size. It is believed that most of these changes occurred since the arrival of the first
humans about 2 000 years ago. During the first 1 100 years, the impact on the environment
was probably very limited and in particular northwestern Madagascar was hardly occupied
(e.g. Wright & Rakotoarisoa, 2003). Critical deforestation has most likely been going on in
the last 900 years, with pollen and charcoal profiles indicating substantial local deforestation
around archacological sites. The process of deforestation might have accelerated from the 19
century onwards when human population growth became exponential. Thus, fairly large areas
of Madagascar were probably covered by intact forest well into the 20" century (Dewar,
2003), even though only 2.8 % of the original western dry forest has survived into the 1990’s
(Smith, 1997).

Sportive lemurs belong to the large-bodied, nocturnal lemurs of the family Lepilemuridae
(Mittermeier et al., 2006). They are predominantly arboreal, moving among the trees with
long jumps powered by their strong hind legs. In the 1990’s it was believed that there were
seven species across the island, but recent studies have shown that there are at least 25 species
(Andriaholinirina et al., 2006; Craul et al., 2007; Louis et al., 2006; Rabarivola et al., 2007;
Lei et al., 2008). The distribution of each species is small, since most species are confined to
the area between two adjacent large rivers. However, the biology of sportive lemurs is only
poorly known in general (Mittermeier et al., 2006). One exception is the Milne-Edwards’
sportive lemur.

The Milne-Edwards’ sportive lemur (Lepilemur edwardsi) lives in dispersed pairs that
defend territories of about lha (Rasoloharijaona et al., 2003, 2006). Pairs form sleeping
groups and share holes or leaf nests in sleeping trees as shelters during the day
(Rasoloharijaona et al., 2003). This species shows seasonal reproduction and may have one
offspring per year (Randrianambinina et al., 2007). Offspring do not achieve sexual maturity
before their second year after birth (Petter-Rousseaux, 1964;). L. edwardsi does not show a
flight response towards evolutionary new predators such as humans, even at sites where
poaching occurs (Rabesandratana & Zimmermann, 2005). The absence of a flight response
towards humans, the slow reproductive rate, and the small distribution range indicate that this

species may be strongly threatened by habitat fragmentation and poaching.
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In the present study we explore the consequences of habitat fragmentation on a large-
bodied lemur taxon, Lepilemur edwardsi, in northwestern Madagascar. L. edwardsi occurs
between the Betsiboka and the Mahajamba River (Craul etal., 2007). The habitats of
L. edwardsi are highly fragmented, with only one relatively large remaining stretch of forest,
namely the Ankarafantsika National Park (ANP). In this study, we characterize the genetic
diversity and the genetic differentiation in forest fragments of different size, and aim to detect
signals of demographic changes in L. edwardsi. In particular, we are interested in answering
the following questions: i) does the abundance of L. edwardsi differ between smaller and
larger forest patches, ii) do populations in small fragments show a loss of genetic diversity
compared to the populations in the large/continuous forest, the ANP, iii) are nearby
populations genetically more similar than distant ones (isolation-by-distance), iv) does an

isolated population exhibit a stronger bottleneck signal than a population from the ANP?

6.3 Materials and methods

6.3.1 Study sites and field methods

We visited 17 sites in northwestern Madagascar (Fig. 6-1). The sites were located between the
Betsiboka and the Mahajamba River, covering the range of L. edwardsi. Across this
distribution, 6 sites were located in isolated forest fragments surrounded by savannah, and
varied in size from 1.1 to 36.4 kmz, and 11 sites were located in the ANP, which covers about
955 km? (Table 6-1). The surface areas were calculated using satellite pictures from the year
2 000. Straight-line distances among sites ranged from 2.56 to 97.7 km and were calculated
with ArcView GIS 3.3. At each site we performed 2 to 14 daily and nightly surveys, looking
for signs of Lepilemur. In addition, we performed 2 to 41 nightly census-walks along 1 000 m
trails per site in order to quantify encounter rates (individuals per km) and document
vocalisations heard from the distance. At daytime we used a net to capture the animals out of
their sleeping holes and briefly anesthetised them with Ketasel-5 (Selectavet). At nighttime
we anesthetised the animals using a blowpipe (TELINJECT B22T) with 0,5 ml of 5%
Ketasel-5 (Selectavet). From each captured individual a small biopsy from one or both pinnae
was taken as tissue samples. Tissue samples were stored in Queen’s lysis buffer (Seutin et al.,

1991) for later DNA extraction and genetic analyses.
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Tsiaramasd
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Figure 6-1: Map of the distribution of L. edwardsi. Black circles indicate the sites where we

found sportive lemurs, and black squares indicate the sites where we did not find sportive
lemurs. Ankarafantsika NP in grey.
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6.3.2 Lab methods

DNA from the tissue was isolated with the DNeasy Tissue Kit (Qiagen), or extracted using a
standard proteinase K digestion followed by a Phenol/Chloroform protocol (Sambrook et al.,
1989) and stored at -20°C.

We sequenced the mitochondrial D-loop (496 bp) of all captured individuals with the
laboratory methods described in Craul etal. (2007). The purified PCR products were
sequenced, either using a MegaBACE™ 1000 DNA Sequencing System (Amersham
Biosciences) in our lab or an ABI 3730XL automatic DNA sequencer run by Macrogen
(http://www.macrogen.com/english/index.html). The respective sequences were deposited in
GenBank. In addition, we genotyped all individuals of two populations, Mariarano and
Ankoririka, using 14 microsatellite loci. The two populations were chosen as exemplary
representatives of two types of forests, one rather disturbed/fragmented and one rather
undisturbed/continuous. For genotyping we used the methods described by Craul et al.

(2008).

6.3.3 Sequence analyses

Nucleotide diversity (7) and haplotype diversity (Hd) was calculated for each sample as
measures of genetic diversity with the program DnaSP 4.10.4 (Rozas et al., 2003).

Population structure was analysed using different approaches. Pairwise Fsr and
@srvalues were calculated according to Excoffier et al. (1992) and their significance was
estimated with 1 000 permutations as implemented in ARLEQUIN 3.01 (Excoffier et al.,
2005). We used sequential Bonferroni corrections for all multiple pairwise comparisons. To
determine the most appropriate distance measure for the calculation of @sr values, we used
MODELTEST 3.7mac (Posada & Crandall, 1998). Using the Akaike Information Criterion
(AIC), a transversion model (TVM+I) with a gamma correction factor of 0.9526 was
suggested as the best model.

In order to test for a correlation between genetic and geographic distances we performed
Mantel tests between pairwise Fsr and @srvalues (Rousset, 1997) and the corresponding
straight-line geographic distances, and between Fsr/(1-Fsr) and @Dsr/(1-Psy) values and the
corresponding straight-line geographic distances. Significance of the correlation was assessed

by means of 1 000 permutations as implemented in GENETIX 4.04 (Belkhir et al., 2000).
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In order to determine the best possible partition of the samples, we used the method of
Dupanloup et al. (2002), implemented in SAMOVA 1.0 (Spatial Analysis of Molecular
VAriance). In this approach a simulated annealing algorithm is used to find, for a given
number of partitions k, a partition or group of partitions that maximizes molecular variance
between such groups and minimizes variance within the groups. We let k vary between 2 and
12 (i.e. the total number of samples minus 1) and each analysis was repeated 100 times.
Finally, a haplotype network based on all sequences was constructed with the program
NETWORK 4.5.0.0 (Bandelt etal.,, 1999) to determine visually if there was geographic
structure in the distribution of haplotypes.

Two summary statistics that are known to be affected by demographic events such as
bottlenecks and expansions, namely Tajima’s D (Tajima, 1989) and Fu’s Fs (Fu, 1997), were
computed in order to test for departure from equilibrium and neutrality, potentially indicating
historic changes in population size. The significance of these statistics was assessed using
10 000 coalescent simulations based on the observed number of segregating sites in each

sample as implemented in ARLEQUIN 3.01.

6.3.4 Microsatellite analyses

All microsatellite analyses were conducted on two populations, one from the ANP
(Ankoririka, n = 10) and one from a forest fragment in the north (Mariarano, n = 10). The
genetic diversity was characterized by the number of alleles per locus (74), the mean number
of alleles per population (MNA), the observed heterozygosity (H,), and the unbiased expected
heterozygosity (H.) (Nei, 1978). Wright’s Fjs was estimated according to Weir and
Cockerham (1984) and its departure from the null hypothesis was tested using 1 000
permutations. All analyses mentioned above were performed in GENETIX 4.01.

In order to determine if there have been any changes in effective population size, three
different but complementary approaches were used, as by Olivieri et al. (2008). The first was
the method of Cornuet and Luikart (1996) that detects departures from equilibrium and
neutrality using summary statistics, namely the number of alleles (n4) and the expected
heterozygosity (H,.). Three mutation models were used: the infinite allele model (IAM), the
single stepwise mutation model (SSM), and the two phase mutation model (TPM) with 30 %

multi-step mutation events. A Wilcoxon sign-rank test was used as implemented in the
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BOTTLENECK 1.2.02 software (Cornuet & Luikart, 1996) to test for significant departure
from equilibrium.

The second (Beaumont, 1999) and third (Storz & Beaumont, 2002) method is likelihood-
based Bayesian methods that use the information from the full allelic distribution in a
coalescent-based framework. The Beaumont (1999) method, implemented in the program
MSVAR 0.4.2, assumes that a stable population of size N; started to decrease or increase ¢,
generations ago to the current population size Ny. The change in population size is assumed to
be either linear or exponential, and mutations are assumed to occur under a single stepwise
mutation model (SSM), with a rate @ = 2Nyu, where u is the mutation rate per generation.
Based on these assumptions, it is possible to estimate the posterior probability distribution of
r = No/N; (rate of population size change), tr = t,/Ny (time since population started changing
in size scaled by Ny), and @ = 2Nyu. A MCMC is used to generate samples from the posterior
distribution of these parameters. Although this method allows the quantification of a
population increase or decrease, Ny and N; cannot be estimated independently. Similarly, it
can only approximate ¢, as a time scaled by Ny, which itself remains unknown.

The Storz and Beaumont (2002) method implemented in MSVAR 1.3 overcomes these
problems as it quantifies the effective population sizes Ny and N; and the time 7 (in
generations) since the population size change started. However, this approach uses only the
exponential model, and prior distributions for Ny, N;, T and u are assumed to be lognormal.
The means and standard deviations of these prior lognormal distributions are themselves
drawn from priors (or hyper priors) distributions. We note that this method represents an
improvement on the Beaumont method only at a certain price. First, it only allows for an
exponential model of population size change, whereas the Beaumont method allows for both
a linear and an exponential model. Second, it requires that priors are given for Ny, N;. T, and
u. The two approaches are thus complementary. For both the Beaumont (1999) and the Storz
and Beaumont (2002) methods, at least nine independent runs were performed for each
population, using different parameter configurations, starting values and random seeds. The
values we used for the different priors and the length of each MCMC are available from the
authors upon request. The first 10 % of the outputs (or burn-in) were discarded to avoid bias
in parameters estimation due to starting conditions. Convergence of the different chains was

visually checked and tested using the Gelman and Rubin (1992) statistic.
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6.4 Results

6.4.1 Presence and abundance in the study sites

L. edwardsi was only found in 13 of the 17 prospected sites (76.5 %). They were present in all
ANP sites (100 %) but only in 2 of the 6 forest fragments (33.3 %, Table 6-1). Therefore, the
vast majority of fragments in the range of L. edwardsi did not harbour sportive lemurs
anymore.

Abundance, quantified as sighted individuals per km (nightly census), varied greatly
(0.00-5.71 individuals/km) but did not differ significantly between the continuous ANP
(n=11) and forest fragments (n =3) (Mann-Whitney U test: U=27.50, p =0.591): in the
National Park the abundance varied between 0.00 and 5.50 individuals per km and the
abundance in the two forest fragments layed within the range of 0.00-5.71 (Table 6-1). We
caught a total of 121 individuals, between 2 and 17 individuals at each site (Table 6-1).

6.4.2 Genetic diversity and demographic change within sites

L. edwardsi had 1 to 6 haplotypes per site (Table 6-2). The two fragments Mariarano and
Tanambao showed no diversity, i.e., all D-loop sequences were identical, both within and
between sites. In contrast, regarding the sites in the ANP, Hd and = varied between
0.378-1.000 and 0.0009-0.0059, respectively.

All microsatellite loci were polymorphic with 2 to 8 alleles each. However, Led05 was
monomorphic in Ankoririka, as were Led()7 and Ledl6 in Mariarano (Table 6-3). The MNA
value and the average H, in Ankoririka was slightly higher than in Mariarano. The average H,

values did not differ significantly from H..
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Based on the D-loop data, no population showed significant values of Tajima’s D and
Fu’s Fs, i.e. there was no clear deviation from the neutrality and/or stationarity hypotheses
(Table 6-2). Based on the microsatellite data, we also found no clear evidence for past
population bottlenecks in Mariarano or Ankoririka with the program BOTTLENECK 1.2.02
(results not shown). On the other hand, the two MCMC-based methods (Beaumont, 1999;
Storz & Beaumont, 2002) revealed clear signals of a past bottleneck. The Gelman and Rubin
convergence test indicated that the Beaumont (1999) and the Storz and Beaumont (2002)
MCMC runs had reached equilibrium and could hence be used for inference. With the
Beaumont (1999) method we found a clear signal of population collapse for both sites under
both a linear and an exponential model for population size change (results not shown). The
posterior modes of Ny/N; indicated a decrease of the effective population size of about two
orders of magnitude, but the width of the distribution indicated some uncertainty of this value.
Using the Storz and Beaumont (2002) method, we estimated the past (N;) and present (Ny)
effective population size and dated the population collapse (Fig. 6-2a, 6-2b). The posterior
distributions of log (Ny) and log (N;) showed hardly any overlap. The posterior modes of
log (Np) for Ankoririka and Mariarano were 1.97 and 1.94, respectively, which corresponds to
94 and 87 individuals. These values contrasted with the modes of /og (N;), which were 4.10
and 4.07, respectively, corresponding to more than 10 000 individuals. These figures should
not be taken literally, but they suggest an about 100-fold reduction of the population size. As
can be seen in Figure 6-2a and 6-2b, the priors used (dotted and dashed lines) differed
strongly from each other and from the posteriors (solid lines). On the contrary, the posteriors
did not differ much from each other regardless of the priors, a further indication that the data
do contain significant and consistent information on a population collapse. In both
populations the posterior distributions for the time since the population decrease started had a
mode around two in /og scale, which corresponds to 100 years ago. We note however, that the
distribution is wide (Ankoririka: 25 % quartile: 27-78 years ago, 75 % quartile: 756-1 323
years ago; Mariarano: 25 % quartile: 19-66 years ago, 75 % quartile: 544-1 055 years ago).
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Figure 6-2: Posterior distribution of the present (log Ny) and past (log N;) population size and
the time in years since population collapse (log T) for a) Ankoririka and b) Mariarano. The
dotted lines represent the prior distributions for N;, and the dashed lines represent the prior
distributions for N, or T.

6.4.3 Genetic differentiation among sites

The pairwise @sr and Fsrvalues ranged between -0.08 and 0.96, and -0.09 and 1.00,
respectively (Appendix 6-A). Most pairwise @sr and Fsy comparisons were significant (60 of

78 and 61 of 78, respectively). After sequential Bonferroni correction, 53.85 % and 52.56 %
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of these comparisons remained significant (Appendix 6-A). No signal of isolation-by-distance
could be detected in the complete data set (Z=4077.17, r=0.0517, p=0.071). When
excluding the Mariarano and Tanambao sites, Mantel tests showed a surprising but significant
negative correlation between @sr and linear geographical distance (Z=939.10; »=-0.291;
p=0.014), and between Dsr/(1-Psr) and linear geographical distance (Z=1994.66;
r=-0.234; p = 0.049).

The SAMOVA analysis produced grouping patterns that always explained more than
47 % of the molecular variation (Appendix 6-B). The two fragments in the north, Mariarano
and Tanambao were always together in one group. The remaining genetic grouping pattern
was relatively stable across the different k values but it did not correspond to an obvious
geographic pattern. For instance, for k=6, 7 and 8, the five sites Ambanjakely,
Ambodimanga, Andoharano, Beronono and JBA were always grouped together. This group
cannot be explained by geographic proximity, since two sites are located in the west, two in
the centre, and one in the east of the ANP. The highest amount of molecular variance among
groups was detected at k=8, with Mariarano and Tanambao as one group, Ambanjakely,
Ambodimanga, Andoharano, Beronono, and JBA as another group, and the six remaining
populations as single groups.

The 121 sequences grouped in 23 different haplotypes. Neighbouring haplotypes were
quite similar to each other, usually separated by one to two mutations only (Fig. 6-3). Seven
haplotypes were shared among sites. The two neighbouring fragments in the north, Mariarano
and Tanambao, had both the same haplotype. Within the ANP, the most common haplotype
was shared among five populations, Ambanjakely, Ambodimanga, Andoharano, Beronono,
and JBA, explaining why they were grouped together by the SAMOVA analysis. Two further
haplotypes were shared among four populations. Another two haplotypes were shared among
three populations. Only one haplotype was shared between two populations. Haplotype
sharing among ANP populations was not related to geographic proximity, as it occurred
between neighbouring and distant sites equally likely. Altogether, this suggests that
L. edwardsi populations are clearly differentiated from each other, but that no simple
geographical pattern can explain this yet. The fact that these analyses are limited to one locus

(mtDNA), which is clearly not highly variable, may explain that difficulty.
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Figure 6-3: Haplotype network of the D-loop sequences of L. edwardsi. Each node
corresponds to one mutation step. The sizes of the circles are proportional to the number of
individuals sharing that haplotype. The letters correspond to the populations.

6.5 Discussion

6.5.1 Fragmentation, abundance, and genetic diversity

The first main result of this study is the alarming lack of L. edwardsi from many sites outside
the ANP. L. edwardsi was only found in one third of the visited fragments. They could be
reliably encountered only in the largest remaining forest in the region, the ANP. The smallest
fragment with presence of Lepilemur was St. Marie (5.4 km?). In all smaller fragments, we
did not find any sign of Lepilemur. Even worse, sportive lemurs were also missing in one
larger fragment, Mangatelo (17.7 km?). When the ANP was excluded, the number of
L. edwardsi fell from 121 to 13 individuals sampled in two out of six visited fragments. The

fact that Lepilemur could be observed and sampled in all locations visited in the ANP
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suggests that Lepilemur was once ubiquitous in northwestern Madagascar. In contrast, a
similar sampling scheme performed by Olivieri et al. (2008) on Microcebus spp. in the same
geographical areas revealed the continuous presence of mouse lemurs in all eight visited sites.
It is not likely that these divergent results are based on different detection probabilities for
both genera, since Lepilemur spp. is larger and more stationary than mouse lemurs and
therefore easy to detect during transect walks if present. Whether the discrepancy between
these two genera is merely the consequence of differential vulnerability to habitat
fragmentation or a combined effect of fragmentation coupled with increased hunting pressure
in isolated and mostly unprotected fragments (Olivieri et al., 2005), cannot be answered at
present and requires further investigations.

In the ANP populations genetic diversity was overall large in contrast to the fragments,
where there was no diversity at all. This is not surprising since a similar significant loss of
genetic diversity in small fragments has already been described in golden-brown mouse
lemurs (Guschanski et al., 2007). However, we must note that even in the ANP some samples
exhibited low genetic diversity. This suggests that fragmentation and size reduction may have
affected the smallest sites via the effects of genetic drift in isolated populations, but that this
process may also affect some regions of the park.

The amount of genetic diversity in the two exemplary samples with microsatellite
multilocus genotypes was also not very high with some loci exhibiting no diversity and more
than half possessing less than four alleles. The H, values, exhibited by the microsatellite data,
were quite variable from locus to locus. While the average was rather low (H.= 0.549 in the
ANP and 0.532 in Mariarano) it is worth noting that the highest values were well within the
range found in other species (e.g. Goossens et al., 2000 in chimps; Turner et al., 2004 in
cyprinid fish). Overall, our data indicate a medium or low level of microsatellite diversity in
both populations, even though the signal of diversity reduction is not as obvious as in the
mtDNA. This is probably due to the lower effective population size of mtDNA, which make it
more sensitive to bottlenecks. Also, it is known that during the first stages of a bottleneck, H,
is not as strongly affected as the number of alleles (Cornuet & Luikart, 1996). The reason for
this is that it is mostly rare alleles that are lost during the first stages of a bottleneck, and they
do not impact much on the computation of H..

Despite the lack of mtDNA diversity and the limited diversity observed in microsatellites,
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the tests based on summary statistics (the Tajima and Fu tests for mtDNA and the
BOTTLENECK tests for the microsatellites) did not reveal any clear signal of a past
population bottleneck. This either suggests that a) the species is not variable enough because
its (stationary) effective size is naturally low or b) these methods lack power to detect a
bottleneck that could be either limited in importance, too ancient or too recent (Cornuet &
Luikart, 1996). The fact that the Bayesian approaches detected a major population collapse in
both populations suggests that the second hypothesis is more likely (i.e. a lack of power).
Indeed, summary statistics do not use the genetic information very efficiently as was
originally noted by Felsenstein (1992). The analyses suggested a population decrease of about
two orders of magnitude and that this decrease took place most likely in the last few hundred
years. It is remarkable that even the exemplary population in the ANP (Ankoririka) showed a
collapse. This suggests that the original forest in that area was far bigger only a few centuries
ago and that deforestation can generate signals of population decrease even in a population
that lives in a relatively large forest fragment. Another possibility is that the forest only
appears to be continuous, but is already influenced by fragmentation, either at a scale larger
than the park, or within the park, with some savannah already representing a barrier to
movement for L. edwardsi.

Our results are similar to those of Olivieri et al. (2008). Olivieri and colleagues found
patterns of genetic differentiation caused by genetic drift and fragmentation in Microcebus
ravelobensis. They also found signals of a strong recent bottleneck in all analysed
populations, both within the ANP and in the isolated fragments. These similarities suggest
that deforestation and forest fragmentation affect smaller- and large-bodied lemur species in
similar ways even though life histories and the social organisation may differ considerably
among those species. Indeed, as noted above the main difference lies in the fact that
L. edwardsi has already completely disappeared from most isolated fragments. This definitely
confirms that the whole process that has taken place over the last centuries poses an enormous

threat to all species with small-scale distributions.

6.5.2 Fragmentation and genetic differentiation

The D-loop data suggested a high level of genetic differentiation among sites, but it did not

reveal a clear geographic structure. Several populations were consistently associated with
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each other, but genetic association did not reflect geographic proximity. This pattern may be
explained as the result of random genetic drift (Goodman et al., 2001; Schafer et al., 2001),
and by the fact that we only could apply it to a single locus (mtDNA) that had already lost
most diversity. This random loss of alleles may also explain why we found a negative
correlation between genetic and geographic distance within the ANP. Future data on other
loci could possibly help to further illuminate the genetic structure of the ANP populations and

to test this explanation. However, some conservation guidelines may already be made.

6.5.3 Implications for conservation

We have shown that L. edwardsi populations of the ANP still possess genetic diversity.
Conservation management for this species should thus concentrate on this remaining
diversity. This study furthermore suggests that Lepilemur spp. in general is threatened by
three main factors. First, very small distribution ranges coupled with large-scale deforestation
led to very small remaining habitable forest areas, restricting strongly total individual
numbers. Second, Lepilemur spp. is highly vulnerable to hunting, which has probably
contributed substantially to their disappearance from many unprotected fragments. Third, the
genetic diversity of the remaining populations is threatened by habitat fragmentation across
their distributions. Signals of past population bottlenecks can already be seen even in
seemingly large forests. The combination of these three factors could soon lead to their
disappearance outside protected zones. In the case of L. edwardsi, conservation actions should
include the continuous legal protection of the Ankarafantsika National Park and the
installation of a newly protected zone in the Mariarano/Tanambao region. In addition, careful
translocations could be another option to conserve the remaining genetic intraspecific
diversity (Jones et al., 1999; de Thoisy et al., 2001; Strum, 2005) and to recolonize newly
protected habitats that were previously depleted by hunting.
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Chapter 7 General discussion

The three main topics in this thesis address a variety of questions concerning the
biogeography, phylogeny, and conservation genetics of sportive lemurs in northwestern
Madagascar. Nine species (L. aeeclis, L. edwardsi, L. otto, L. grewcockorum,
L. sahamalazensis, L. mittermeieri, L. dorsalis, L. ankaranensis, and L. septentrionalis) were
shown to inhabit western to northern Madagascar, which we divided into eight Inter-River-
Systems (IRSs). In the following, I will briefly summarize the main findings for each of the
three main areas of interest mentioned in the introduction and discuss them in view of the

latest developments in the respective field.

7.1 Lepilemur biogeography

Biogeography is the study of the distribution of biodiversity over space and time. It aims to
reveal where organisms live, at what abundance (Cox & Moore, 2005), and has often been
divided into ecological biogeography and historical biogeography (Lomolino et al., 2005).
Classical biogeography has been expanded by the development of molecular systematics,
creating a new discipline known as phylogeography. This development allowed scientists to
test theories about the origin and dispersal of populations, such as island endemics. The work
presented in this thesis contributes to a better understanding of the historical biogeography in
the genus Lepilemur in northwestern Madagascar. The two models (Martin, 1995; Wilmé
et al., 2006) explain the deep splits between the three major clades, but could not explain the
species diversity within each major clade. We, therefore, propose a new model, the ‘large
river model’ to explain the biogeography of this large-bodied nocturnal lemur genus. Most
sportive lemur distributions could be shown to be much smaller than previously assumed. For
example, L. edwardsi was only found in IRS I and does not occur in all three IRSs that
constitute northwestern Madagascar. Instead, in IRS II and III, I described two new species,
L. otto and L. manasamody respectively that are each limited to a single IRS. Independently,
an American-Malagasy research team has constructed a molecular phylogeny including
mtDNA sequences of sportive lemurs in IRS III. As a result, Louis et al. (2006) also described
a new sportive lemur species in IRS III, which they named L. grewcockorum. Later on,
L. manasamody and L. grewcockorum turned out to be synonymous names for the same
species, in which case L. grewcockorum would have priority, since it was printed prior to our

publication. Our study showed furthermore that the individuals we sampled in IRS IV
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belonged to a previously described species, L. sahamalazensis. We suggested that the
individuals sampled north (IRS VI (mainland and the island Nosy B¢)) and south (IRS V) of
the Sambirano River may belong to two subspecies of the previously described L. dorsalis
known from that region. Finally, in the far north, IRS VII, we sampled individuals, which
belong to the previously described L. ankaranensis known from that region. For all sportive
lemur species mentioned above, it can be stated that wide rivers generally act as species
barriers. There seems to be only one exception to this pattern. We could confirm a genetic
divergence between the animals from IRS V and VI, but it seemed not to reach species level
but only subspecies level. Very recently however, Rabarivola et al. (2006) proposed species
status for individuals in IRS V, named L. mittermeieri, based on cytogenetics. They collected
samples at a locality further north (76.8 km) of our study site, Mahilaka and the number of
chromosomes differed between the sampled individuals and the neighbouring species,
L. sahamalazensis and L. dorsalis. The situation in IRS V and VI is further complicated by
the study of Louis et al. (2006) in which they describe a new species of sportive lemurs from
Nosy Bé, which they named L. tymerlachsoni. Louis et al. (2006) refer to the samples in
IRS V as L. dorsalis. Andriaholinirina et al. (2006) and Craul et al. (2007), however, found no
evidence that the samples from Nosy Bé and in IRS VI are taxonomically different. They
refer to the samples from Nosy Bé and IRS VI as L. dorsalis. The study of Zinner et al. (2007)
indicates distinct species in IRS V and VI, respectively. The problems in defining the species
and distribution boundaries in and between IRS V and IRS VI can only be solved by an even
finer-scaled sampling scheme. In addition, since Gray (1871) has given the type locality of
L. dorsalis simply as ‘NW Madagascar’, it is difficult or even impossible to know, without
testing samples from the type specimen, which of the recently described new species might be
synonyms of the type specimen.

These results and other recent studies furthermore show that the taxonomic clarifications
within the genus Lepilemur are far from being completed. Most recent publications increased
the number of known extant Lepilemur species. Rabarivola et al. (2006), Andriaholinirina
etal. (2006), Louis et al. (2006), Craul etal. (2007), and Lei et al. (2008) have, in total,
described 15 new sportive lemur species all over the island. Unfortunately, their geographic
ranges and biogeographic history are still far from being fully understood. In particular, their

sampling scheme makes it difficult to test the influence of large rivers as species barriers,
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since not all IRSs have yet been sampled, and for those that have been sampled, often only
one locality is known. The importance of large rivers as biogeographic barriers was
previously emphasized for mouse lemurs (Olivieri et al., 2007) and also for Neotropical
primates (Ayres & Clutton-Brock, 1992; Lehman, 2004).

However, large rivers do not always act as species barrier for Lepilemur. Craul et al.
(2008) suggested, that altitudinal stratification might be another important factor limiting the
migratory potential of sportive lemurs in the East. In the case of L. seali, the two large rivers
Antainambalana and Rantabe could not be confirmed as a species barrier, as L. seali could be
found north and south of those rivers, respectively. These findings differ not only from the
study of Louis et al. (2006), but also from the predictions made by Wilmé et al. (2006).
Wilmé et al. (2006) suggested the Antainambalana watershed as a zone of retreat and
dispersion during times of paleoclimatic periods of fluctuating aridification. However, this
scenario should subsequently have led to separate centres of endemism on either side of the
river. At least for the genus Lepilemur, this model could not be confirmed by this study. The
lack of isolating effects of the Antainambalana River is surprising, as this river is still about
30 m wide even 100 km inland (http://eartHgooglEcom) and has been shown to separate even
larger congeneric taxa, such as Varecia Varecia variegata from V. V. rubra (Goodman &
Ganzhorn, 2004).

Altitudinal stratification has previously been suggested as important factor limiting the
migratory potential of lemur species. Goodman and Ganzhorn (2004) suggested that the
potential for river crossings depends on the elevational range of a given species in comparison
to the altitude of the headwaters of the river. The headwaters of the Antainambalana River do
not exceed 1,500 m (source at 1,450 m, Goodman & Ganzhorn, 2004). The elevational range
of L. seali is not yet known, but its congeners L. mustelinus and L. microdon have been
observed at altitudes higher than 1,600 m (Goodman & Rasolonandrasana, 2001; Goodman &
Ganzhorn, 2004). If L. seali would possess the same altitudinal tolerance, they could have
migrated around the headwaters of the Antainambalana River. The same scenario may be true
for the sportive lemurs in IRS V and VI, where they could have migrated around the

headwaters of the Sambirano River.
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7.2 Lepilemur phylogeny

Phylogenetics deals with the identification and understanding of the evolutionary
relationships among taxa, both living (extant) and dead (extinct). Evolutionary theory states
that similarity among taxa is usually attributable to descent from a common ancestor. Thus,
the relationships established by phylogenetic systematics often describe the evolutionary
history of species and hence their phylogenetic origin. Molecular data is of particular
importance in order to reveal the origin and evolution of sportive lemurs. The phylogenetic
results of the molecular analyses should enable us to understand the biogeographic pattern in
northwestern Madagascar in a phylogenetic context.

The molecular phylogeny we reconstructed included one to four individuals of 14
sampled sites and reference sequences from all so far known species. All populations within
each IRS clustered together, so that each IRS (including the populations Kirindy (West) and
Mantadia (East)) formed separate terminal clades. The phylogram consists of four major
clades, a western, a northwestern, a northern clade, and the clade of L. mustelinus.
L. mustelinus branched off first, followed by the western clade that consisted of IRS 0 and the
individuals found in Kirindy (West). The northern clade consisted of the individuals from
IRS IV, V, VI and VII, and the northwestern clade of all specimen from IRS I, II, and III. The
terminal clades, which represent the different species, where highly supported and stable
across all phylogenetic methods. However, the relationship between them was not always the
same in all phylogenetic reconstructions, and furthermore different from the molecular
phylogenies published from other sportive lemur studies (Andriaholinirina et al., 2006; Louis
et al., 2006; Lei et al., 2008; Zinner et al., 2007). Altogether, 16 trees have been published
using different genes and algorithms (Andriaholinirina et al., 2006; Craul et al., 2007; Louis
et al., 2006; Lei et al., 2008; Zinner et al., 2007). Incongruent results between phylogenies
can be a result of i) violations of the orthology assumption, ii) stochastic errors related to the
sequence length, and/or iii) systematic error leading to tree reconstruction artefacts generated
by the presence of a non-phylogenetic signal in the data (Jeffroy et al., 2006). The first point
could be a problem when comparing species of different genera. The second point may be
relevant, but could be buffered by an analysis including more genes and a combination of
nuclear and mitochondrial DNA. However, the third problem, systematic error, is not

expected to disappear with additional data (Felsenstein, 1978). On the contrary, Jeffroy et al.
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(2006) showed that systematic biases are more problematic in genomic trees and can result in
highly supported but wrong phylogenies. However, we are far from using whole genomes in
sportive lemurs. Sequencing more loci would certainly help obtaining a robust consensus
especially if based on nuclear genes and the complete genome of the mitochondria.

In spite of the divergence obtained between trees, two clustering patterns appeared in all
of our molecular phylogenetic reconstructions and had good support. Moreover, they made
sense from a geographical point of view. First, the monophyly of sportive lemurs, having one
common ancestor. Second, the three separate major geographic clusters, western,
northwestern and northern. Combining these results to the observed distributions of the
different species, we developed a possible evolutionary scenario for the given sportive lemur
biodiversity. During the cooler and drier periods of glaciations, sportive lemurs may have
been forced to use the forest corridors around rivers supplied by orographic precipitations for
reaching a forested refugium in higher altitudes. Continuous gene flow could have been
maintained between subpopulations until relatively recently. Following the postglacial
expansion of the forests, the sportive lemurs would have been able to recolonize a variety of
IRSs from their central highland refugium. The time-span since then, however, was not long
enough to allow speciation to take place. Since then, sportive lemurs could not migrate
between neighbouring retreat-dispersion watersheds and were therefore trapped in their
respective IRS between dried or flowing rivers. The genetic differentiation through vicariance
could continue. In other words, the sportive lemur ancestors already lived and speciated in the
current distribution. Post-Pleistocene expansion may also have occurred but was restricted to
the single IRS. MtDNA sequences have frequently been used to uncover such migration
patterns that took place during the Pleistocene (e.g. Goldberg & Ruvolo, 1997; Collins &
Dubach, 2000). Unfortunately, these genetic signatures can be covered by more recent
demographic events such as population fragmentation and declines.

13 external body measurements were compared between the sampled sportive lemur
species. Between two and five of these measurements were significantly different between
geographically neighbouring species. Similarly, the field observation revealed that some
species were easily identified while others were more difficult to differentiate. For example,
L. sahamalazensis was easy to distinguish from its neighbours L. dorsalis and

L. grewcockorum. However, L. edwardsi, L. otto, and L. grewcockorum all showed high
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levels of intraspecific morphometric variations, which made it difficult to confidently classify
them in the field. Such species that are at least superficially morphologically indistinguishable
and have previously been classified as one species are called cryptic species.

Speciation must not always be accompanied by morphological changes. It can be based
on changes in behaviour, communication, ecology, or reproductive traits that lead to
continuous reproductive isolation (Coyne & Orr, 2004). Since humans rely mostly on the
visual sense, most species descriptions that had been published prior to the sequencing age
were based on morphological differences. However, in many other taxa, auditory characters,
for example, are far more important characters for species separation. This is presumably also
the case for the nocturnal sportive lemurs that mostly use vocal communication for individual
and species recognition (Braune, 2006). Therefore, species might differ at this level among
each other, but would not be easily recognized as such in traditional taxonomic studies. As a
consequence, the number of species is easily underestimated, as it was traditionally the case
for sportive lemurs. Presently, cryptic species are revealed in many taxa and habitats
(Bickford et al., 2007).

The identification and description of cryptic species have important implications for
conservation, because the existence of further cryptic species in already endangered nominal
species creates two problems: 1) a species that is already considered endangered or threatened
might be composed of multiple cryptic species that are even rarer than previously thought;
and ii1) the different species might require different conservation strategies (Schoenrogge
et al., 2002). The last years have indeed revealed that several already endangered species are
in fact cryptic species complexes, making them a collection of even more critically
endangered sportive lemur species with fewer numbers and smaller distributions. For
example, mitochondrial DNA and karyotypic evidence indicates that one of the four described
subspecies of the endangered northern sportive lemur, Lepilemur septentrionalis, is a distinct
species with a very restricted range (Ravaoarimanana et al., 2004). As an example for other
taxonomic groups, a recent molecular study has revealed at least 14 frog species within two
nominal species (Stuart etal., 2006), a revelation that could have consequences for
conservation. Whereas the cryptic frog species complex had broad geographical ranges, actual
species in those complexes have much more limited distributions, making each species more

prone to extinction.
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Recently, molecular techniques (primarily DNA sequencing) have transformed our ability
to describe and define biological diversity. Although these methods are not a universal
remedy for species delimitation, molecular data are important and useful when combined with
other types of data. Studies using non-morphological characters to discriminate otherwise
indistinguishable species are being published at an increasing rate. Bioacoustic studies in
nonhuman primates have shown that loud calls can be reliably used as non-invasive
diagnostic tools for discriminating cryptic taxa, for their monitoring in the field as well as for
the reconstruction of their phylogeny. For example, Mendez-Cardenas et al. (2008) showed
that loud calls separated geographically isolated populations of sportive lemurs specifically.
The phylogenetic analysis using parsimony yielded 11 out of 17 acoustic characters as
phylogenetically informative. The topology of the acoustic tree coincided less with
geographic distances than with genetic tree topology. In conclusion, preventing habitat loss is
therefore a great challenge for the conservation of biodiversity, and prioritizing habitats for
conservation often relies on the estimation of species richness and endemism.

This study does not only present evidence for an unexpected species diversity of sportive
lemurs in northwestern and northern Madagascar, but emphasizes the need for conservation
actions if those species with very small distributions shall not face extinction in the very near

future.

7.3 Lepilemur conservation genetics

Based on biological and climatic studies, as well as historic records, we only begin to
understand the abiotic and biotic characteristics of Madagascar’s habitats, the lemurs’
ecological adaptations to these unique habitats, the extent of forest fragmentation and hunting,
and the differential vulnerability of extant lemur species to these pressures (Godfrey & Irwin,
2007). It is a complex set of interactions affecting an initially rich but vulnerable fauna. One
of the most dramatic Holocene extinction events occurred on the island of Madagascar. At the
time of human arrival, about 2 000 years ago, the primate communities of Madagascar were
ecologically and taxonomically diverse. There were 8 families of Malagasy lemurs (Godfrey
& Irwin, 2007). That humans were the driving force of extinction is undisputed, although the
extent of the human impacts is continuously debated. Most of the subfossil fauna was present

on the island when humans arrived (Burney et al., 2004). Many species were still present at
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the end of the first millennium and some appear to have even survived into the second half of
the second millennium (Burney et al., 2004). In recent time, however, deforestation and forest
fragmentation are proceeding at an extremely rapid pace (Green & Sussman, 1990).

Fragmentation is considered to be one of the most important threats to biodiversity in
tropical forest ecosystems (Smith & Hellmann, 2002). While early studies concentrated on the
effect of habitat loss based on the hypotheses of island biogeography (Laurance &
Bierregaard, 1997), recent approaches are broader and investigate all processes in fragmented
landscapes that have negative effects on native populations (Fahrig, 2003). Plant and animal
species that inhabit tropical forests have developed complex ecological interactions with one
another over millions of years, and have thereby shaped these forests. There is a sudden
interruption of these interactions when species go locally extinct or reduced to very low
abundances (Dausmann et al., 2008).

A general concern for the conservation of an endangered species in its natural habitat is
the maintenance of genetic variation within populations, particularly when the remaining
populations become fragmented and reduced in size. The loss of genetic variation could lead
to short-term reduction of fitness, such as survival, reproductive output, or growth rates, and
to a reduced ability to adapt to long-term environmental changes (Allendorf & Leary, 1986;
Primack, 1993; Lacy, 1997; Frankham & Ralls, 1998). Changes in population size and density
may also modify behavioural mechanisms, such as sex-biased dispersal patterns, inbreeding
avoidance or local mate or resource competition, with negative consequences for gene flow
within and between populations (Greenwood, 1980; Johnson & Gaines, 1990; Bohonak,
1999). Changes in allele frequencies can occur between subsequent generations, being an
indicator for demographic changes in some species (Luikart et al., 1999).

Primates are readily hunted in many parts of the tropics (Perez, 1987; Godfrey & Irwin,
2007; Dunham et al., 2008). Intense hunting can increase the risk of extinction. Theoretically,
larger body size and diurnality should increase vulnerability to human predation because these
traits cause animals to be easier targets. Also the life history may affect the vulnerability of
populations to hunting pressure, because species with slow life histories may have low
reproductive resilience and therefore less ability to recover from a high hunting pressure

(Godfrey & Irwin, 2007).
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It has been shown, for example, that hunting has a negative effect on the relatively large
Propithecus edwardsi (Dunham et al., 2008). Their life history makes them sensitive to
disruptions in adult survival rates. Hunting, which is likely to target larger animals, has a
strong potential to limit the viability of populations. Lemur surveys by Lehman et al. (2005,
2006) suggest declines due to hunting. In seven of eight different sites they found no
P. edwardsi individuals. Although the villagers explained that sifakas were common in the
forests within the past one to ten years, it is possible that heavy hunting from blowguns, darts,
and slingshots have already dramatically reduced individual numbers in these areas (Lehman
& Ratsimbazafy, 2001).

We only found Lepilemur spp. in 13 of 17 prospected sites (76.5 %). They were present
in all sites (100 %) of the Ankarafantsika NP but only in two of the six forest fragments
(33.3 %). Therefore, the vast majority of fragments did not harbour sportive lemurs anymore.
They could be reliably encountered only in the largest remaining forest, the Ankarafantsika
National Park. The broad-scale disappearance of Lepilemur from isolated forest fragments is
dramatic. In contrast, a similar sampling scheme performed by Olivieri et al. (2008) on
Microcebus spp. in the same geographical area revealed the continuous presence of
Microcebus in all 28 visited sites. The discrepancy between these two genera is most likely
the consequence of differential vulnerability to habitat fragmentation coupled with increased
hunting pressure in isolated and mostly unprotected fragments (Olivieri et al., 2005).

It is becoming increasingly important to monitor the consequences of anthropogenic
changes on natural populations. Although many national and international organizations have
established guidelines and strategies for monitoring biological diversity (Holthausen et al.,
2005; Kurtz et al.,, 2001), little use has been made of the benefits of molecular markers.
Meanwhile, new laboratory and statistical techniques enable us to perform a proper genetic
monitoring of wild populations (Luikart et al., 2003; Manel etal., 2003; Beaumont &
Rannala, 2004; Herbert et al., 2004). For example, in Australia, microsatellite DNA has
provided a feasible and cost-effective strategy for monitoring long-term changes in brush-
tailed rock-wallaby Petrogale penicillata abundance (Piggott et al., 2006). Another study by
Rudnick et al. (2005) used naturally shed feathers of Eastern imperial eagles Aquila heliaca in
a microsatellite analysis to identify individuals, monitor population turnover, and estimate

annual survivorship over a four-year period. The results showed annual variations in turnover
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rates and a reduction in cumulative survival. Such information cannot be obtained easily using
traditional approaches.

In addition, monitoring population genetic parameters can provide insights into
demographic and evolutionary processes in natural and captive populations that are difficult
or impossible to obtain using traditional methods (e.g. Barrett et al., 2005). This type of
monitoring can evaluate population characteristics (e.g. effective population size, N,, or
connectivity), even from archived material. This enables monitoring to assess historical
conditions (Pertoldi et al., 2005; Poulsen et al., 2006). For example, N, has been estimated for
brown bears in Yellowstone National Park by analyzing samples from the 1910s, 1960s, and
1990s (Miller & Waits, 2003). N, estimates were periods (1910-1960s and 1960s-1990s),
providing no evidence of a recent population decline. Other studies have also used a
combination of contemporary and historical samples to obtain multiple temporal estimates of
N, (Nielsen et al., 2006; Ardren & Kapuscinski, 2003).

Effective conservation often depends on the identification of management units and
timely information regarding the effects of natural and anthropogenic factors on movement
and gene flow (Palsboll et al., 2007). For example, genetic monitoring of leopard frog Rana
pipiens populations revealed that the genetic structure was stable over 11 to 15 generations
(Hoffman & Blouin, 2004). A study of cod Gadus morhua populations from the Baltic and
North Sea using both historical and contemporary samples also found high temporal stability
(Poulsen etal., 2006). However, other studies have found opposite results. Genetic
monitoring of Scottish red deer Cervus elaphus demonstrated that genetic structure in females
declined at a steady rate over a 24-year period (Nussey et al., 2005). Based on demographic
data collected over the same time period, the authors concluded that this decline was due to a
combination of increasing population size and decrease in polygyny.

Genetic monitoring is also a useful tool for evaluating the cumulative effects of habitat
fragmentation (Schwartz etal., 2007). An allozyme and microsatellite-based study of
California valley oak Quercus lobata pollen suggests that there was a decline in the effective
number of fathers contributing pollen to the next generation between 1944 and 1999 (Sork
et al., 2002). The authors propose that this was the result of stand thinning and that it might
lead to genetic isolation.

In this study we detected a major population collapse not only in forest fragments, but
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also in the Ankarafantsika NP. The analyses revealed a population decrease of probably
100-fold in size, which took place most likely in the last few hundred years. It is remarkable
that even the population in the NP showed a collapse. This suggests that only a few centuries
ago the original forest in that area was far bigger and that deforestation can generate signals of
population decrease even in a population that lives in a relatively large forest fragment.
Another possibility is that the forest only appears continuous to us, but is already influenced
by fragmentation, with some savannah already representing a barrier to movements of
Lepilemur specimen.

Our results are similar to those of Olivieri etal. (2008). Olivieri et al. (2008) found
patterns of genetic differentiation caused by genetic drift and fragmentation in Microcebus
ravelobensis. They also found signals of a strong recent bottleneck for all the populations
analysed, both within the ANP and in isolated fragments. These similarities suggest that
deforestation and forest fragmentation affect small- and large-bodied lemur species in similar
ways even though life histories and the social organisation may differ. Genetic drift and
fragmentation affected more strongly the small fragments, where a significant loss of
diversity has already occurred. The alarming fact is that Lepilemur has already completely
disappeared from most isolated fragments. This definitely confirms that the whole process
that has taken place over the last centuries poses an enormous threat to all species with small-
scale distributions and relatively large body size.

However, it still remains challenging for scientists of different fields such as biology,
geography or geology to synergistically advance their respective fields of work. Effective
conservation decisions based on currently available data have to be made rapidly, so it is
indispensable to enlarge the tools that help quickly and efficiently to collect information.
During the last decades, conservation genetics has proliferated and been integrated and
adapted for conservation.

The D-loop data from this study suggested a high level of genetic differentiation among
sites, but it did not reveal a clear geographical structure. Several populations were
consistently associated with each other, but association did not reflect geographic proximity.
This pattern may be explained as the result of random genetic drift, and by the fact that we
only included one mtDNA locus that, moreover, may have already lost most genetic diversity.

This random loss of alleles may also explain why we found a negative correlation between
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genetic and geographic distance within the ANP. It was not possible within this study to
genotype all populations using the 14 microsatellites, but a better understanding of the spatial
patterns will require that. This will be done in the future. It is indeed urgent to acquire more
information on the genetic diversity at the microsatellite level. These new data will probably
not be available in the very near future, but some conservation recommendations may already

be given.

7.4 Implications for conservation actions

Our work allowed defining the distributions of several Lepilemur species, which is a basic
requirement to determine their conservation status. Moreover, within one sportive lemur
species (L. edwardsi), we were able to quantify the remaining genetic diversity using two
kinds of markers, D-loop sequences and 14 microsatellites, within and between several
populations. We applied a wide range of analytical methods, including some established and
some new ones, and were able to detect demographic changes that took place in the recent
history of the populations.

This study suggests that Lepilemur spp. is threatened by three main factors. First, the very
small distribution ranges coupled with large-scale deforestation. Second, Lepilemur spp. is
highly vulnerable to hunting. Third, the genetic diversity of the remaining populations is
threatened by habitat fragmentation. The combination of these three factors could soon lead to
their disappearance outside protected zones. Given the fact that the distributions of some
species do not currently include any effectively protected zone, urgent conservation actions
are now needed in order to prohibit their extinction in the near future. We suggest, therefore, a
focus on conservation strategies that include reduction of hunting pressures and protection of
intact habitats, which are important to adult survival and fecundity. In the case of L. edwardsi,
this could be achieved by the continuous legal protection of the Ankarafantsika National Park
and by the protection of the Mariarano/Tanambao region. In addition, programs to promote
awareness and education in the villages and schools surrounding the forest fragments should
be established. While protection of the fauna and flora is of lower priority to most local
people, only a respectful and sustainable use of the nature can assure a worthy future for
upcoming generations. Therefore, education programs help to promote appreciation of the

values and functions of the forest ecosystem, especially their important ecological roles, and
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to promote awareness in order to achieve conservation of the forest by the local inhabitants.
The largest benefit for the local community from conservation and education programs will be
empowerment to control and manage their natural resources in a sustainable manner. In such
programs the government could also transfer natural resource management rights to the local
communities. This allows the communities themselves to manage their forests and makes
them responsible for enforcing forest-use rules. An active dialogue would need to be
maintained with local stakeholders to help ensure that protected area limits are proposed and
accepted by local and regional authorities. Conservation and education programs are
absolutely essential to improve living standards and quality of life of the local inhabitants in

positive coexistence with the fragile and unique local environment.
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