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1.1 Biodiversity and biogeography of Madagascar 

Madagascar, with a total area of 590 000 km2, is the fourth largest island of the world. 

Nevertheless, it only represents 0.4% of the earth’s land surface. It lies off the southeast coast 

of Africa, separated by the Mozambique Channel, in the Indian Ocean (Fig. 1-1). The island 

has been separated from mainland Africa since about 160 Million years (e.g. Rabinowitz et al. 

1983; Agrawal et al. 1992; Briggs 2003) and reached its current position relative to Africa by 

the early Cretaceous about 120 Million years ago (Ma) (Rabinowitz et al. 1983; Seward et al. 

2004). Until then it was connected to India which subsequently continued its journey along 

the David Ridge. The timing of India’s separation from Madagascar has been dated between 

100 to 87.6 Ma (Storey et al. 1995; Plummer 1996). Whether Madagascar has been totally 

isolated since then or whether temporal connections have existed to other land masses is still 

disputed (e.g. Rage & Jaeger 1995; Rage 1996; Sampson et al. 1998; Buckley & Brochu 

1999; Sampson et al. 2001). Generally, however, total isolation of Madagascar is assumed 

since at least 85 million years.  
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Fig. 1-1: Map of Africa with Madagascar highlighted in yellow 
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Today, a wide range of climates and environments can be found on Madagascar. They 

can partly be explained by the complex topography of the island and its geographical situation 

(e.g. de Wit 2003). From the east coast inland, the land rises rapidly behind a narrow coastal 

plain to elevations of 900 to 1 500 m at the edge of the central highlands. These mountains 

occupy the whole center part of the island, eventually sloping off much less abruptly to the 

west. They divide the country into two major floral zones, a humid eastern and a dry western 

region. Each of these two floral zones can be further divided into different vegetation zones 

along a north-south gradient, ranging from evergreen rain forest, to dry tropical forest, and 

spiny forest. Furthermore, other factors such as altitude and seasonal rainfall contribute to the 

complex biome distribution on the island (e.g. de Wit 2003). 

Madagascar’s extant fauna and flora demonstrate a clear signature of evolution in 

isolation; they show very high levels of diversity within lineages but there is an imbalance in 

the number of lineages represented. Moreover, most of the lineages are endemic to the island. 

For example, there are worldwide approximately 28 families of frogs but only three of these 

have been found on Madagascar. Within these three families, however, there are more than 

300 endemic species, which corresponds to about 4% of the world’s amphibian fauna (Glaw 

& Vences 2003).  

Many scientists have speculated about the circumstances that have created this general 

pattern. The first point disputed is the origin of today’s Malagasy fauna and flora: Gondwana 

vicariance followed by neoendemism and Ceneozoic dispersal followed by paleoendemism 

are the two hypotheses most sited (reviews: Masters et al. 2006; Yoder & Nowak 2006). The 

second point disputed is how the extraordinary radiation on Madagascar can best be 

explained. Two major models have been proposed to explain this. The best known (Martin 

1972a, 1995) suggests that major rivers and mountains combine to act as effective barriers to 

gene flow and thereby facilitate allopatric speciation processes. A more recent model (Wilmé 

et al. 2006) uses an analysis of watersheds in the context of Quaternary climatic shifts to 

explain the process of explosive speciation on the island. In our studies, we aim to see if these 

models can help us explain the current distribution of a highly diverse genus, Microcebus. 

Regardless of how Madagascar’s incredibly rich fauna and flora originated, it is 

currently highly endangered. Humans settled in Madagascar only about 2 000 years ago. As a 

direct result of human activity, many areas in Madagascar are now completely deforested or 
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only fragmented forests remain. Archaeological finds and pollen and charcoal profiles tend to 

indicate that human densities remained relatively low until 100 years ago. Exceptions are a 

few bigger 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 the role that people played in Madagascar’s Holocene extinction (e.g. Burney et al. 

2004). However, no study has so far been conducted on extant species in order to investigate 

if there are signatures of population decrease that correspond to these archaeological findings. 

On the other hand, the damage caused by early settlers might be negligible for extant species, 

compared to what has happened in the last century since human population growth and land 

conversion has been particularly rapid only in the twentieth century (e.g. Sussman et al. 

1994). Another central aim of this study is therefore to search for genetic signatures in several 

populations of three mouse lemur species covering their entire geographic range in order to 

test these contrasting demographic scenarios.  

Politicians and decision makers on Madagascar are aware that its high level of endemic 

species is an irreplaceable asset for the country and that the increasing human population is its 

main threat. It is one of the first countries in the world to have established protected areas 

(Randrianandianina et al. 2003) and the current political will is to triple the surface of the 

Protected Area Network. There have been many attempts by researchers, international aid 

organizations, and conservation groups to determine conservation priorities (e.g. Ganzhorn et 

al. 1997; Lehman 2006). However, this remains a challenge because species composition can 

change within relatively short geographical distances, and the principal taxonomic groups 

show different biogeographic patterns across the island (Randrianandianina et al. 2003). 

Therefore, in spite of all the efforts that have already been invested in conservation on the 

island, Madagascar faces imminent environmental challenges and needs to take important 

conservation decisions in the near future, ideally based on scientific data. Our study will 

provide a broad and fairly complete overview of the mouse lemur intra- and inter-specific 

diversity in northwestern Madagascar, a region especially threatened. The results will be used 

to determine conservation priorities for this genus in particular and other forest dwelling 

animals in general.  
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1.2 Biodiversity of lemurs 

Lemurs, the primates of Madagascar, are in many aspects typical for Madagascar: (1) they are 

all endemic to the island, (2) they represent a spectacular example of species radiation, (3) 

their origin is still disputed, (4) they are strongly endangered and (5) they are efficient 

flagship species for conservation efforts. A short review of these five characteristics is given 

below. 

Endemism: With the exception of Eulemur fulvus and E. mongoz which also occur on the 

Comores (but were almost certainly introduced there by man), 100% of the lemurs are 

endemic to Madagascar.  

Species radiation: More than 70 extant species, which represent more than 15% of the living 

primates, have been so far described. Even at the generic level, the diversity is much higher 

than in other habitat countries (Mittermeier et al., 2006). Five families and 15 genera occur in 

Madagascar only. Their body size, diet, activity pattern, social system, habitat type, and 

locomotion pattern differ from species to species and are a classical example of how species 

adapt to different ecological niches (Fleagle 1999).  

Origin: Lemurs have a monophyletic origin with a sister group found in Africa and Asia. 

Therefore, the most parsimonious explanation is to consider them as a product of a single 

colonization and a subsequent radiation on the island (Goodman et al. 1994; Yoder 1994; 

Yoder et al. 1996b). Different approaches to date the origin of lemurs yielded quite variable 

results: 48-41 Ma (Porter et al. 1997), 75-55Ma (Yoder et al. 2003), 62-65 Ma (Yoder & 

Yang 2004), and 59-41 Ma (Poux et al. 2005). Since Madagascar was already separated from 

Africa at any of the estimated times of origin of lemurs, Gondwana vicariance can be 

excluded as explanation for this taxon. Two questions, however, still remain; how did the 

ancestral lemur dispersed and from here did the ancestral lemur disperse. Several scenarios 

have been proposed, of which the two most important ones both stipulate an African origin. 

The first involves a more or less continuous land bridge between Africa and Madagascar 45 to 

26 Ma (McCall 1997). The second proposes that transoceanic dispersal on rafting flotsam 

occurred over the Mozambique Channel (Simpson 1940, 1951). The latter theory is usually 

favored over the former because (1) if there had been a land bridge, we would expect more 

lineages to have reached Madagascar, (2) the four lineages of terrestrial mammals endemic to 

Madagascar show different times of origin that do not all overlap with the putative land 
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bridge period, (3) the existence of this land bridge has been seriously challenged by geologists 

(e.g. Rogers et al. 2000), (4) floating “islands” of vegetation with standing trees and animals 

were observed in remote oceanic locations (Krause et al. 1997), and (5) the ancestor of lemurs 

most probably had the capacity to hibernate (Martin 1972a; Kappeler 2000; Yoder et al. 

2003), facilitating a long and rough ocean crossing. Objections against this theory have, 

however, also been raised. For example, some authors question why the lemuroids and not 

monkeys would have reached Madagascar, especially since fossil founds dating from the time 

of interest are much more current for the latter than the former in Africa. Moreover, they 

argue that the only extant lemurs that can go into heterothermy (some cheirogaleids) do not 

resemble the ancestral form and show that the ancestral form was unlikely to have this 

capacity due to its bigger size (Masters et al. 2007). Aside from the two scenarios given 

above, other scientists postulated that lemurs did not originate in Africa at all. Beard (1998) 

suggested that the entire primate clade originated in Asia, while Martin (2003) proposed that 

the strepsirrhines originally inhabited Indo-Madagascar and that the lorises could have 

migrated to Africa after India collided with Asia. If divergence time of the primate order is 

actually older than currently believed (see Tavare et al. 2002), the theory of Martin (2003) 

becomes plausible. 

Endangerment: With the exception of the marsh-dwelling Hapalemur alaotrensis, all lemur 

species are dependent on forest habitat. This habitat type has suffered major modifications in 

the last millennia, leading to the extinction of many large forest-dependent species. It has 

been estimated that Madagascar has lost at least 90% of the ancestral forest so that landscapes 

are now reduced to a mosaic of fragmented forest-patches. It is believed that most of these 

changes occurred since the arrival of the first humans about 2 000 years ago. The 

deforestation is mostly due to slash-and-burn agriculture, logging, fuel wood collection, 

charcoal production and seasonal burning of dry forest to create cattle pasture. Lemurs are 

strongly affected by forest loss and fragmentation. At least eight genera and 16 species of 

lemurs have already gone extinct, and two thirds of the remaining species are under serious 

threat (Godfrey & Jungers 2003). Sadly, survival of lemurs is not only threatened by 

deforestation. Hunting for food and capture of live animals as pets is also increasingly 

common throughout the island (Mittermeier et al. 2006). 
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Conservation: Many taxa are affected by the recent changes in landscape in Madagascar. 

However, lemurs are especially well suited as flagship species. Some Malagasy conservation 

projects (e.g. Durbin et al. 2003) have chosen a lemur species to represent a particular 

ecosystem in need of protection. The species chosen are usually known for their vulnerability, 

attractiveness or distinctiveness in order to best engender support and acknowledgement from 

the public at large and the scientific community in particular. The protection measures 

established for this key species will also protect its environment and influence conservation of 

entire ecosystems and all species contained therein.  

Mouse lemurs (Microcebus spp.) are the smallest living primates, their weight ranges 

between 30-90 g (Mittermeier et al. 2006). This genus has an extremely wide distribution 

across Madagascar; it inhabits almost any forest habitat (Harcourt & Thornback 1990) with 

one to three species co-occurring at any given site (e.g. Zimmermann et al. 1998; Heckman et 

al. 2006; Louis et al. 2006; Radespiel et al. 2006). They forage solitarily at night for fruits, 

small animals, gum and insect secretion (Martin 1972b; Corbin & Schmid 1995; Radespiel et 

al. 2006). During the day, they sleep in tree holes or vegetation nests, either alone or in groups 

of variable size (Martin 1972b; Radespiel et al. 1998; Schmid 1998; Radespiel et al. 2003; 

Weidt et al. 2004). Reproductive activity is seasonal (Schmelting et al. 2000; 

Randrianambinina et al. 2003a) and seems to be photoperiodically controlled (Perret 1992, 

1997). Some species, like M. murinus, are known to employ prolonged (Schmid & Kappeler 

1998) and daily torpor (Schmid 2000) in response to cold and seasonal food shortage. 

Another known strategy they adopt to efficiently face the unfavorable dry periods is seasonal 

body and tail fattening during the late rainy season. Because they live in dense habitats such 

as forests, visual communication is limited. Thus, olfactory and acoustic cues are well 

developed and used for long and short distance communication (Zimmermann 1995).  

Most ecological and behavioral studies on mouse lemurs have concentrated on one 

species. Since methods used are often not unified, it is difficult to compare the results. 

Therefore, little is known about differences, for example, in densities, ecological requirements 

and/or behavior between species. The few studies that do exist often compared sympatric 

species. Most of these studies have been conducted on M. murinus and M. ravelobensis. Both 

occur in the National Park of Ankarafantsika, in northwestern Madagascar. On one hand, they 

show similar reproductive seasonality (Schmelting et al. 2000; Randrianambinina et al. 
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2003a), use the same forest strata, have a similar overall diet (Radespiel et al. 2006), and live 

in a dispersed multi-male/multi-female society (Radespiel 2000; Weidt et al. 2004). On the 

other hand, however, they differ in their advertisement calls (Braune 2006), microhabitat 

preferences (Rendigs et al. 2003), and sleeping site ecology (Radespiel et al. 2003). At 

another site, i.e. the Kirindy forest in western Madagascar, the sympatric mouse lemurs 

M. murinus and M. berthae have similar social systems even though female home range sizes, 

sleeping behavior and microhabitat characteristics indicate the existence of species-specific 

socio-ecological adaptations (Schwab & Ganzhorn 2004; Dammhahn & Kappeler 2005).  

One aim of this study is to give a general description on forest types where different 

mouse lemurs species are present to determine if there are differences between species. Also, 

by comparing mouse lemur densities and microhabitat structure within and between species, 

we will be looking for clues of biological or niche differentiation.   
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1.3 Phylogeny of lemurs 

Currently, it is generally acknowledged that the primates of the superfamily Lemuroidea 

contain five extant families: Cheirogaleidae, Daubentoniidae, Indriidae, Lemuridae and 

Megaladapidae (Masters et al. 2005). Two more families of bigger body size, 

Palaeopropithecidae and Archeolemuridae, are represented only as subfossils. Mouse lemurs 

(Microcebus) belong to the Cheirogaleidae. Other genera in this family are dwarf lemurs 

(Cheirogaleus), hairy-eared dwarf lemurs (Allocebus), giant dwarf lemurs (Mirza) and fork-

marked lemurs (Phaner). Together with the Lorisoidea (bushbabies and loris), the 

Lemuroidea form the infraorder Lemuriformes that belongs to the suborder Strepsirrhini 

(Fleagle 1999).  

The relationship among the different Lemuroidea families is still controversial. 

Molecular methods have been widely applied in the last few decades with the aim to clarify 

the relations. However, a diverse array of tree topologies was generated. Nine of the most 

recent studies based either on mtDNA and/or nuclear sequences and short interspersed nuclear 

elements (SINE) 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). In an attempt to find a consensus, DelPero et al. 

(2006) reconstructed a composite molecular data set of about 6 400 bp and analyzed it with 

different methods. However, even this large data set revealed different trees. The only 

certainty seems to be that Daubentoniidae is the basal in-group taxon of the Lemuroidea.  

Within families and genera, molecular phylogenetic has also been widely applied 

mostly to determine species identities and species boundaries (e.g. from Lepilemur 

Ravaoarimanana et al. 2004; Andriaholinirina et al. 2006). Mouse lemurs have been one of 

the most studied lemur genera in this respect (see below). As a consequence, the number of 

nominal species composing this taxon has constantly been revised. During the first half of the 

20th century, most of the scientific community agreed that there was only one species 

(M. murinus) (Schwarz 1931; Napier & Napier 1967). It was only in the 70’s that Martin 

(1972b) and Petter et al. (1977) showed that there should be at least two sub-species or 

species (depending on the author): a gray one (M. m. murinus) along the dry forest of the west 

coast, and a red one (M. m. rufus) along the humid forests of the east coast.  
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Schmid and Kappeler (1994) were the next to show that mouse lemur phylogeny was 

even more complex. When the paper was written, M. murinus and M. rufus were thought to 

have a distinct western and eastern distribution, respectively, dependent on the type of 

vegetation. However, observations of reddish forms on the western coast had been present in 

the literature (Peters 1852; Petter et al. 1971; Petter et al. 1977b, a; Petter & Andriatsarafara 

1987; Rakotoarison et al. 1993; Martin 1995). Nevertheless, this western reddish form had 

never been officially described or all prior descriptions had been doubted. In 1992, Schmid 

and Kappeler captured a reddish form in the forest of Kirindy, where the gray form, 

M. murinus, was known to occur (Fig. 2-1). During the next field season, they were able to 

capture many more reddish individuals and could show, based on morphometric data, that 

these animals belonged neither to M. murinus nor to M. rufus. Based on comparisons with 

museum samples, they postulated that their specimen corresponded to those described by 

Peters (1852) as M. myoxinus and that this was a valid species. They showed for the first time 

that two species can live in sympatry.  

Zimmermann et al. (1998) were able to show that in the forest of Ankarafantsika 

(Fig. 2-1), two species of mouse lemurs also live in sympatry based on morphometric data. 

The grayish form corresponded to M. murinus while the reddish one had not yet been 

described. They called it M. ravelobensis.  

Rasoloarison et al. (2000) used a geographically broader approach and collected mouse 

lemurs from 12 different sites in western Madagascar, from Ankarana in the north to Beza 

Mahafaly in the south (Fig. 2-1). Their study did not include M. rufus samples from the 

eastern coast. Using external, cranial and dental characters, they recognized seven western 

mouse lemur species, among which three were new to science (M. tavaratra, M. berthae and 

M. sambiranensis) and two were resurrections from synonym (M. griseorufus and 

M. myoxinus). They argued that the reddish form found by Schmid and Kappeler (2004) in 

Kirindy should not be called M. myoxinus because subsequent work, including the 

opportunity to re-evaluate the material collected by Peters (1852), showed that the Kirindy 

individuals differ from the ones previously referred to as M. myoxinus. Instead, they proposed 

that the individuals found in Kirindy belong to a new species that they named M. berthae.  

Yoder et al. (2000) sequenced three mtDNA loci (D-loop, COII and Cyt b) for a few 

individuals of all seven western species collected by Rasoloarison et al. (2000) and M. rufus. 
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They confirmed the species status of the three newly described mouse lemurs and the 

resurrection of two others from synonym. The molecular phylogeny, however, had nine 

terminal clades, and revealed a deep split within the M. rufus species in two locality specific 

clades that the authors referred to as M. rufus 1 and M. rufus 2. By integrating several samples 

of different Eulemur species in one of the phylograms, they showed that the nine clades had 

levels of evolutionary divergence equivalent to those of Eulemur species known to be 

morphologically and biologically distinct. They also mapped the hierarchical outline of the 

mtDNA haplotype phylogeny onto the localities from which the samples were collected and 

therefore rejected the fundamental division in western and eastern mouse lemurs. They 

proposed the alternative hypothesis that there might exist a significant biogeographical barrier 

separating northern and southern lemuriform communities. This mapped phylogeny, however, 

did not take into account the presence of M. murinus in the Ankarafantsika National Park, 

which would have clearly indicated that both the east/west and the north/south hypothesis are 

to simplistic to explain the distribution of the many newly described species. 

Pastorini et al. (2001) reconstructed the phylogeny of 27 individuals of the family 

Cheirogaleidae based on about 2 400 bp of five mtDNA genes. They confirmed the species 

status of M. ravelobensis and could show that M. rufus is a sister taxon to M. ravelobensis, 

both being opposed to M. murinus. The authors furthermore detected that M. rufus individuals 

coming from different geographical sites in Madagascar showed further subdivisions, 

possibly at the sub-species level. They concluded that further detailed studies in multiple 

disciplines would be needed to allow determination of specific and subspecific components in 

the Microcebus genus.  

Kappeler et al. (2005), when studying the morphology, behavior and molecular variance 

of the giant mouse lemurs (Mirza spp.) coming from two different localities, used mouse 

lemurs as an outgroup. They sequenced one mtDNA locus (Cyt b) for all the giant mouse 

lemurs they had captured and added two mouse lemur individuals that were kept at the zoo in 

Zurich, Switzerland. The mouse lemurs originated from Andasibe in Madagascar (Fig. 2-1). 

For all other mouse lemur species that had been so far described, sequences from GenBank 

were used, including the three species of Louis et al. (2006) that had not yet been published 

but were already available in the data base. The tree constructed by Kappeler et al. (2005) 

revealed that the individuals from Andasibe were closely related to specimens from the 
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National Park of Mantadia but were not referable to any known species. They therefore 

described them as a new species named M. lehilahytsara. They based the species status on 

genetic distances between terminal clades. 

Likewise, Louis et al. (2006) based their description of three new species solely on 

mitochondrial sequences (4 500 bp). They considered the distances between terminal clusters 

and identified fixed base characters as is required in the phylogenetic species concept. 

M. mittermeieri, M. jollyae and M. simmonsi all occur on the east coast and have previously 

been addressed as M. rufus. M. rufus 2 of Yoder et al. (2000) corresponded to M. simmonsi. 

Furthermore, they proposed four other new species, three of which also come from the east 

coast and the fourth from the island of Nosy Be. Why these species were only proposed while 

the others were described is unclear.  

All these studies have been conducted either on a local (Schmid & Kappeler 1994; 

Zimmermann et al. 1998) or on a very broad geographical scale (Rasoloarison et al. 2000; 

Yoder et al. 2000; Pastorini et al. 2001; Louis et al. 2006), leaving wide gaps between 

sampling sites. They were useful to find out the punctual occurrence of different species, as 

well as dating their common ancestor to 8.7 to 12 Ma (Yoder & Yang 2000; Yoder & Yang 

2004). These punctual observations based on genetic data are shortly reviewed in the 

following paragraph classified by species. The species are listed in order of relevance for this 

study with accordingly more or less details.  

• The golden-brown mouse lemur (M. ravelobensis) is known from the Ankarafantsika 

National Park (Zimmermann et al. 1998; Yoder et al. 2000; Pastorini et al. 2001) where it 

can live in sympatry with M. murinus within some parts of the park (Radespiel & 

Raveloson 2001; Rakotondravony & Radespiel 2006). It has also been described in one 

forest fragment just next to the National Park (Marquart 2002). One study reported the 

species far from Ankarafantsika (Randrianambinina et al. 2003b). However, this study 

only relied on external appearance.  

• The grey mouse lemur (M. murinus) is known to occur in several places that extend 

throughout western Madagascar with a seemingly disjointed population in the southeast. 

The forests of Ampijoroa (Pastorini et al. 2001), Kirindy, Mandena (Yoder et al. 2000; 

Pastorini et al. 2001) Andranomena, Vohimena, Manamby (Yoder et al. 2000) and 

Berenty (Yoder et al. 2002) have been sampled and the presence of M. murinus was 
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confirmed. M. murinus seems to regularly occur in sympatry with other mouse lemur 

species.  

• The pygmy mouse lemur (M. myoxinus) also occurs in western Madagascar, more 

precisely in the dry forests of Bemaraha, Aboalimena (Yoder et al. 2000) and Kirindy 

(Louis et al. 2006).  

• Madame Berthe’s mouse lemur (M. berthae) inhabits the dry deciduous lowland forests of 

Kirindy in southwestern Madagascar (Yoder et al. 2000).  

• The Sambirano mouse lemur (M. sambiranensis) is presently known only from the 

Manongarivo Special Reserve in northwestern Madagascar were elements of the country’s 

humid eastern and dry western forest meet (Yoder et al. 2000).  

• The northern brown mouse lemur (M. tavaratra) is known from the Ankarana region 

(Yoder et al. 2000) and therefore might represent the mouse lemur with the most northern 

distribution.  

• The reddish-gray mouse lemur (M. griseorufus) is found in spiny desert regions of 

southern and southwestern Madagascar, i.e. in Beza Mahafaly (Yoder et al. 2000; 

Heckman et al. 2006), Berenty (Yoder et al. 2002) and Tsimananampetsotsa (Louis et al. 

2006).  

• The occurrence of the brown mouse lemur (M. rufus) is at present only confirmed in high-

altitude populations at Ranomafana and Mantadia (Yoder et al. 2000).  

• The new species described in the eastern humid forests are, from the north to the south, 

Simmons’s mouse lemur (M. simmonsi) (Louis et al. 2006), Mittermeier’s mouse lemur 

(M. mittermeieri) (Louis et al. 2006), Goodman’s mouse lemur (M. lehilahytsara) 

(Kappeler et al. 2005) and Jolly’s mouse lemur (M. jollyae) (Louis et al. 2006).  

A connective approach is needed to complete the picture since many areas have not been 

sampled at all. The distribution of each species can not be easily deduced from the data 

available. A region especially neglected is the northwestern coast of Madagascar, where 

previous samples originated only form the National Park of Ankarafantsika (M. murinus and 

M. ravelobensis) and Manogarivo (M. sambiranensis). The phylogenetic relationship between 

these numerous newly described species also remain unclear, since the published 

phylogenetic trees are inconsistent with one another. The knowledge of the distribution of 

each species and the relationship between them is important both for conservation purposes 
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and the understanding of how these species have evolved. Regarding the latter, only simplistic 

scenarios opposing either a northern/southern or a western/eastern division have been 

suggested. However, other theories exist on how adaptive radiation in the many endemic 

species of Madagascar took place (Martin 1972a; Wilmé et al. 2006). Nevertheless, an 

attempt to test these theories on one genus has never been undertaken. We therefore 

undertook a finer scaled sampling of mouse lemurs in northwestern Madagascar in order to 

(1) define the distribution of the mouse lemurs species occurring there, (2) determine the 

phylogenetic relationship between the species, and (3) test the two above mentioned 

hypotheses on radiation in mouse lemurs.  

1.4 Conservation genetics of lemurs 

Conservation genetics is the science that aims to minimize the risk of extinction from genetic 

factors (Frankham et al. 2002). It has flourished over the last 20 years and shown that there 

are many ways genetic knowledge can help to conserve biodiversity, ranging from identifying 

populations of concern to resolving taxonomic uncertainties, or understanding the biology of 

a focal taxon. In the case of lemurs, genetic studies to help take conservation measures have 

had several aims, depending on the matter at hand.  

A first series of studies was mainly concerned with assuring the proper level of genetic 

diversity for ex situ populations or/and finding the most appropriate population of origin for 

these captive populations. Four such studies that used a variety of marker and were applied on 

a variety of lemur species are briefly presented here.  

Tomiuk et al. (1998) studied three different mouse lemur species, M. murinus, 

M. myoxinus, and M. rufus (11 to 14 individuals per species) and one Lepilemur sub-species, 

L. mustelinus ruficadatus (48 individuals coming from four forest fragments). With random 

amplification of polymorphic DNA (RAPDs), they showed that the genetic diversity within 

species is much lower than between species. Cluster analysis easily separated the different 

species. In addition, the diversity within a species was comparable between and within 

sampling sites. The authors argued that their study provides a data base that can be used to 

identify ex situ populations and give an idea of which level of diversity these populations 

should have.  

Another study by Neveu et al. (1998) compared the genetic diversity of M. murinus in 

three wild (70 individuals in total) and four captive (18 to 25 individuals per population) 
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populations. The genetic diversity was measured by means of RAPDs and the results showed 

that the captive populations had a general loss of diversity, the extent of which depended on 

the number of founder individuals and the management practice for each colony.  

Rabarivola et al. (1998) used RFLP markers to compare the genetic diversity of 

Eulemur macaco macaco coming from three different sites: on a relatively big off-shore 

island (Nosy Be), on a smaller island (Nosy Komba) and on the mainland of Madagascar. The 

diversity on Nosy Be was significantly higher than in both other sites which had comparable 

levels. A previous study by the same authors used the same samples but blood markers 

(Rabarivola et al. 1996) differed slightly in the results. In this earlier report the diversity was 

highest on Nosy Be, but the mainland had a higher level of diversity than Nosy Komba. 

Comparing both data sets, the authors argued for the necessity of using several genetic 

markers. They suggested that individuals coming from Nosy Be rather than from Nosy 

Komba should have been used for the captive population that was founded 15 years earlier.  

In 1981, a captive breeding population of Varecia variegata variegata was started in the 

USA with 15 individuals of unknown origin. Although birth rate was high in the first years, 

many of the captive born animals had congenital birth defects. Suspecting inbreeding 

depression as a cause, it was decided that more individuals from the wild should be brought 

into captivity. A study by Wyner et al. (1999) compared the D-loop sequences of three wild 

populations, the captive population and the individuals that were being considered to enrich 

the captive population. The results clearly showed that the 15 founder individuals were highly 

related, certainly coming from one geographic locality, possibly even from the same social 

group. The individuals coming from the three sites in the wild clustered in two geographically 

distinct groups. Moreover, the individuals being considered to enrich the captive population 

did not belong to the same cluster as those already in captivity. Therefore, the authors 

concluded that these individuals should only be added to the captive population if there would 

be no other choice.  

More recently, genetic studies that aimed to contribute to conservation measures have 

mainly been concerned about the effects of habitat fragmentation on the genetic diversity of 

forest-living lemurs. However, considering the omnipresence of fragmented habitats on 

Madagascar, the number of such studies remains surprisingly low.  
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To our knowledge, the first study was conducted by Schad et al. (2004) on M. murinus. 

The authors genotyped a functionally important part of the MHC complex, i.e. exon 2 of 

DRB, in order to find out if fragmentation had an effect on the diversity of this gene. 

Sampling was conducted in the littoral southeastern forests of Madagascar and consisted of 

108 individuals from a large fragment and 37 individuals from a smaller fragment. The level 

of diversity was high in both fragments, revealing limited effects of fragmentation. The 

authors argued that genetic loss due to fragmentation is typically observed at neutral loci first. 

Balancing selection tends to counteract the effect of genetic drift and to retard the rate of 

fixation of alleles. They predicted that the level of diversity in the MHC complex observed at 

the time of the study will not maintain itself in the long term.  

In a more recent study (Louis et al. 2005), eight to ten Varecia variegata coming from 

four different sites along the west coast of Madagascar were characterized using 25 

microsatellite loci. One of these populations had been subjected to behavioral observations 

during four years, and on the contrary to all other sites, the animals of this population did not 

reproduce. The study aimed to test if the infertility could be due to genetic depletion. The 

results, however, showed that all four populations had already lost genetic diversity. An 

alternative explanation was provided: the loss of fertility in the one site might have been due 

to the destruction of many fruit trees in that particular forest by a cyclone.  

Other studies on mouse lemurs that did not especially concentrate on conservation 

genetics but more on the sociogenetics give us nevertheless an idea of the genetic diversity 

that can be expected in these small animals.  

Radespiel et al. (2001) observed the group composition of M. murinus in 

Ankarafantsika over a total of 13 months throughout three successive years. They used seven 

microsatellites to genotype 161 individuals of their study population. Expected 

heterozygositiy (He) values were quite variable from locus to locus and ranged from 0.24 to 

0.92. They showed that females slept in groups of related dyads and that females sleeping 

alone did not have a close relative in the vicinity. Males possessed significantly less relatives 

within the population than females. The authors concluded that M. murinus showed genetic 

characteristics typical for female philopatry and male natal dispersal.  

Wimmer et al. (2002) analyzed 85 individuals of the species M. murinus from the 

Krindy forest. They sequenced the mitochondrial D-loop and genotyped eight microsatellite 
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loci. For the D-loop, they found a pronounced sex difference in the mtDNA haplotype 

diversity and spatial clustering of females with a particular haplotype. Rare haplotypes were 

almost only found in adult males and the authors hypothesized that they were immigrants. 

The microsatellite data revealed above-average relatedness among females with overlapping 

home ranges.  

Fredsted et al. (2004) confirmed the results of Wimmer et al. (2002). They sequenced 

the D-loop of 205 M. murinus from the Kirindy forest in southwestern Madagascar. They 

found a total of 22 haplotypes, two of which were very common. In contrast, the remaining 20 

were only represented at low frequencies. They found more haplotypes in males than in 

females (13 vs. 9) and showed that related females lived closer to each other than expected by 

random. In contrast, this pattern was not found in males. Fredsted et al. (2004) therefore 

confirmed matrilineal clustering in this species.  

Fredsted et al. (2005) genotyped ten microsatellites in 167 M. murinus sampled in 

Kirindy from three subpopulations. They found higher levels of heterozygosity than expected 

under random mating conditions and private homozygous alleles in each subpopulation. 

Differentiation between subgroups was low but nevertheless significant. Comparable to the 

D-loop data from the earlier study (Fredsted et al. 2004), they found a positive spatial 

structure for females but not for males. 

The studies mentioned in the section “Phylogeny of lemurs” that described new species 

of mouse lemurs obviously also have conservation consequences. Before the high diversity in 

mouse lemur species was recognized, these animals were usually perceived as the least 

threatened of lemurs since the two species (M. murinus and M. rufus) were thought to have 

wide distributions, and were known to occur in almost all primary, secondary or degraded 

forest fragments on the island. However, since the distribution of each species is much more 

limited than previously thought, this reasoning does no longer hold. Consequently, the level 

of threat for each species is much higher as it can go extinct much more easily due to local 

stochasticities. 

As can be seen from the studies listed above, only a few sites and species have been 

sampled. So far, hardly anything is known on the genetic diversity of mouse lemurs in 

fragmented forests. These animals have very short generation times (one year), so that we 

expect them to be the first lemurs to show signs of genetic depletion if their populations 
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decrease due to habitat loss and fragmentation. Furthermore, they are known to occur even in 

small and degraded forest fragments. Thus, mouse lemurs represent an interesting model for 

studying demographic changes in relation to habitat fragmentation. In order to identify 

potential causes of such changes and quantify the relative contributions of natural and 

anthropogenic factors in shaping present-day patterns of genetic diversity, it is necessary to 

obtain data from species whose population sizes have not decreased beyond a certain level for 

very long periods. Indeed, genetic data can only be used to reconstruct past demographic 

changes, if at least some diversity is retained. This is crucial as the history of human impact 

on Madagascar is short and most events of interest probably took place in the last millennia.  

The studies presented in this thesis will contribute to a better understanding of the 

consequences of habitat loss and fragmentation on the genetic diversity of mouse lemurs. 

Accumulation of this kind of data is essential to decide which kind of conservation measures 

are a priority in the near future.  
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1.5 Aims of the study 

Based on the current knowledge on mouse lemur biodiversity, this study aims to contribute to 

four main fields of interest: mouse lemur biogeography, phylogeny, phylogeography, and 

conservation genetics. It concentrates on a so far poorly studied region of Madagascar, the 

North-West of the island. Ecological field methods, extensive genetic sampling and genetic 

analyses of eight nuclear microsatellite loci and three mtDNA genes were employed to 

answer the following questions:  

 

I) Mouse lemur biogeography (Chapter 3 and 6) 

• What is the distribution of M. ravelobensis, M. murinus, M. myoxinus, M. sambiranensis, 

and M. tavaratra in northwestern Madagascar ? 

• What limits the distribution of different mouse lemur species ?  

• Do different species have comparable densities ? 

• Are mouse lemur densities affected by human presence ? 

• Do different species occupy different microhabitats ? 

• With which other lemur species do mouse lemurs occur in sympatry ? 

 

II) Mouse lemur phylogeny and phylogeography (Chapter 3) 

• 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 mouse lemur species ? 

• Can the phylogenetic relationships help reconstruct mouse lemur speciation processes ? 

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

 

III) Mouse lemur conservation genetics (Chapter 2, 4, and 5) 

• 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 ? 

• How differentiated are populations within a species ?  

• What is the genetic structure between different populations within a species ? 
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• Can signatures of population size changes be detected in the present genetic diversity ? 

• Can the changes in population size be dated and related to human activities ? 

• How well protected are the different species in the current Protected Area Network ?  

• How can genetics be related to observations collected in the field on the state of the forest 

in order to develop appropriate conservation measures ? 
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2 First study

MtDNA reveals strong genetic differentiation among

geographically isolated populations of the golden-

brown mouse lemur (Microcebus ravelobensis)

2.1 Abstract

Microcebus ravelobensis is an endangered nocturnal primate endemic to northwestern

Madagascar. This part of the island is subject to extensive human intervention leading to

massive habitat destruction and fragmentation. We investigated the degree of genetic

differentiation among remaining populations using mitochondrial control region sequences

(479-482 bases). Nine populations were sampled from the hypothesized geographic range.

The region is composed of three Inter-River-Systems (IRSs). Samples were collected in three

areas of continuous forests (CFs) and six isolated forest fragments (IFFs) of different sizes.

We identified 27 haplotypes in 114 animals, with CFs and IFFs harbouring 5-6 and 1-3

haplotypes, respectively. All IFFs were significantly differentiated from each other with high

ΦST values and sets of unique haplotypes. The rivers constitute significant dispersal barriers

with over 82% of the molecular variation being attributed to the divergence among the IRSs.

The data suggest a deep and so far unknown split within the rufous mouse lemurs of

northwestern Madagascar. The limited data base and the lack of ecological and morphological

data do not allow definite taxonomic classification at this stage. However, the results clearly

indicate that M. ravelobensis consists of three evolutionary significant units, possibly cryptic

species, which warrant urgent and separate conservation efforts.
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2.2 Introduction

Human intervention is the primary cause of rapid changes in natural habitats all over the

world. This is particularly true for Madagascar, where the annual human population growth of

2.8% between the years 2000 and 2005 (UNFPA) has lead to massive deforestation and forest

fragmentation. Madagascar is one of the most important biodiversity hotspots due to its high

degree of endemism and very high rates of habitat loss (Myers et al. 2000). In order to

develop effective conservation strategies for Madagascar's biodiversity, it is crucial to

understand the impact of environmental alterations on the genetic diversity of the remaining

populations.

Primates are a striking example of the endangered species diversity of Madagascar. Of

the 71 lemur species and subspecies recognized, 63% are considered threatened by extinction

according to the IUCN Red List assessment 2005. All lemurs descend from a single common

ancestor, thought to have colonized Madagascar approximately 62 million years ago (Yoder et

al. 1996, Yoder & Yang 2004). Within the genus Microcebus (mouse lemurs) 12 species are

so far described (Yoder et al. 2000, Pastorini et al. 2001, Kappeler et al. 2005, Louis et al.

2006) and four others are proposed (Louis et al. 2006). Grayish forms include the two species

M. murinus and M. griseorufus. Seven species are considered as rufous forms: M. rufus,

M. lehylahitsara, M. ravelobensis, M. myoxinus, M. berthae, M. sambiranensis, and

M. tavaratra (Rasoloarison et al. 2000, Kappeler et al. 2005). The newly described forms

(M. jollyae, M. mittermeieri, and M. simmonsi) and the proposed ones are not yet classified

according to these criteria (Louis et al. 2006).

The golden brown mouse lemur, M. ravelobensis, was first described in 1998 on the

basis of its morphology (Zimmermann et al. 1998). Genetic evidence of its species status was

later given by Pastorini et al. (2001) and Yoder et al. (2000). Since 2000, M. ravelobensis is

considered by the Red List as being endangered. As the species was only recently described,

its geographic range is not fully known and is currently under investigation. The species was

first documented in the National Park Ankarafantsika (Radespiel & Raveloson 2001,

Zimmermann et al. 1998), where it lives in partial sympatry with the grey mouse lemur

M. murinus (Rendigs et al. 2003). Based on fur coloration pattern of the red mouse lemurs

captured south of the Betsiboka river to north of the Maevarano river, these two rivers were

assumed to be the borders of its geographic range (Randrianambinina et al. 2003, Olivieri et
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al., unpublished). The area between the Betsiboka and the Maevarano rivers is further

subdivided by two rivers of comparable size: the Mahajamba and the Sofia. Therefore, the

region consists of three Inter-River-Systems (IRSs), IRS I to III (Fig. 2-1). All four rivers

have a width of at least 50m at a point 20km upstream and therefore we refer to them as wide

rivers. While the Betsiboka and the Maevarano have previously been shown to form

geographic barriers to lemur distribution on the subspecies and species level (Pastorini et al.

2003), the influence of Mahajamba and Sofia on genetic differentiation of populations is not

yet known.

The distribution of mouse lemurs is not continuous. As highly forest dependent animals,

mouse lemurs are restricted to the remaining patches of dry forests, which have decreased

over 95% (Smith 1997). Typically, these forest fragments of different size are surrounded by

extensive stretches of savannah. In view of its small geographic range and the amount of

habitat loss and fragmentation, it is urgent to determine the degree of genetic differentiation

among the remaining populations of M. ravelobensis.

Previous genetic studies on the genus Microcebus either described genetic

differentiation on the level of single populations (Radespiel et al. 2001, 2003, Fredsted et al.

2004, Wimmer et al. 2002, all for M. murinus) or investigated the phylogenetic relationships

among different species (Pastorini et al. 2001, Yoder et al. 2000, Louis et al. 2006). No

population genetic study has so far been conducted on M. ravelobensis, and data on their

dispersal pattern and distances are therefore lacking. However, this species is known to live in

stable mixed-sexed sleeping groups whose members forage solitarily at night in home ranges

of 0.3-1.5 ha (Weidt et al. 2004). The genetic structure of the sleeping groups is not yet

known.

In order to investigate the genetic diversity within and among populations of

M. ravelobensis, we collected samples from populations distributed over the hypothesized

geographic range of the species. The main aim of our study was to investigate two

hierarchical levels of genetic differentiation. First, we analyzed the genetic diversity within

populations considering mainly the influence of forest fragment size. Second, we investigated

the genetic differentiation among populations isolated from each other either by savannah

(same IRS) and/or by a wide river (different IRSs). We used sequences of the control region

(D-loop) in the mitochondrial DNA, as this locus has proven its suitability for studies of intra-
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specific genetic diversity (Avise 2000, Yoder & Yang 2000, Thalmann et al. 2004, Hofreiter

et al. 2003). Finally we evaluated the importance of our results for the conservation of

M. ravelobensis.

Fig. 2-1: Location of the nine study sites in northwestern Madagascar. The rivers Betsiboka,
Mahajamba, Sofia and Maevarano (dark grey lines) separate the three inter-river systems (IRSs). Grey
shade: the three IRSs and hypothesized geographic range of M. ravelobensis. Black shapes represent
the forests included in this study. Shape with black stripes: Bongolava forest area (see text for more
details). Forest size, sample size and sex ratio (males, females) are provided for each site. IFF: Isolated
forest fragment, CF: continuous forest, Ank NP: Ankarafantsika National Park.
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2.3 Materials and methods

2.3.1 Samples

All samples were collected during the dry seasons of the years 2000 to 2003 (Appendix 2-1).

Mouse lemurs were captured along one to four 1km-long trails at night with Sherman life

traps baited with banana. Traps were controlled in the morning and ca. 2mm2 ear biopsies

were taken from each individual. They were preserved in Queen’s lysis buffer (Seutin et al.

1991) until extraction. Captured animals were individually marked, in order to avoid sampling

the same individual more than once.

We collected samples from nine sites distributed across northwestern Madagascar

(Fig. 2-1). The forests containing the sites varied greatly in size, ranging from 0.2 km2

(Mahajamba-Est) to about 1,040 km2 (Ankarafantsika National Park) (Fig. 2-1). The sizes

were calculated with the help of satellite pictures from the year 2000, GPS coordinates taken

on site, and ArcView GIS software, version 3.3. Five populations were sampled in IRS I, two

in IRS II, and another two in IRS III (Fig. 2-1). Straight-line distances among populations

ranged from 16 to 219 km (Table 2-1). Six of the sites were isolated forest fragments (IFFs)

surrounded by savannah. A further site (Maroakata), though small, was most likely still

connected to Bongolava, a continuous forest (CF) of about 97 km2(Fig. 2-1). The remaining

two sites were situated in the Ankarafantsika National Park, by far the biggest remaining CF

in the entire region. These two sites are separated by a 35 km straight line distance, more than

300 times the diameter of an average home range. Thus, direct dispersal between the two sites

by single individuals can be excluded and the samples were treated as belonging to separate

populations. The number of samples analyzed from each site varied between 3 and 18

(Fig. 2-1).
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Table 2-1: Genetic and geographic distances among study populations. Above the diagonal: straight-
line distances (in km), below the diagonal: population pairwise ΦST-values. The upper row contains
abbreviations for the study sites listed in the third column. TF: type of forest, N: number of samples,
CF: Continuous forest, IFF: Isolated forest fragment

n.s.: non significant, *p < 0.05, **p < 0.01, numbers with no asterisks p < 0.001

2.3.2 Laboratory methods

DNA was extracted from the tissue samples using the Qiagen DNeasy Tissue Kit (Qiagen)

following the manufacturer’s protocol. We performed the PCRs using the universal

mammalian control region primers H16498 (5'-CCTGAAGTAGGAACCAGATG-3') and

L15997 (5'-CACCATTAGCAC CCAAAGCT-3') (Gerloff et al. 1999). PCR amplification

was carried out in a 25µl reaction with final concentrations of 1.0µM for each primer, 1.5mM

of MgCl2, 0.2mM of each dNTP, 1xNH4-reaction buffer (50 mM Tris-HCl pH 8.8, 16 mM

(NH4)2SO4, 0.1% Tween® 20), 0.02 units of Taq DNA polymerase, and 10-25ng of DNA

template. We ran 35 cycles of 1min at 94ºC, 1min at 50ºC, and 1min at 72ºC. Each PCR set-

up included a negative control to test for contamination. 5µl of the PCR-products were loaded

on a 1.5% agarose gel to verify successful amplification. No amplification could be obtained

with this standard procedure for 43 samples. These samples were amplified using the Qiagen

Multiplex PCR kit (Qiagen). Here, 2x master mix containing the HotStarTaq DNA

Polymerase (final concentration 1x) and the primers H16498 and L15997 primers (final

concentration 0.2µM for each primer) were mixed with 10-25ng DNA and distilled water to a

final volume of 25µl. Cycling was carried out under the following conditions: Initial

activation and denaturation step of 15min at 95ºC, 35 cycles of 30s at 94ºC, 90s at 57ºC, and

90s at 72ºC. Successfully amplified PCR-products were cleaned using the Invisorb® Spin

PCRapid kit (Invitek). A total of 114 samples (39 males, 75 females) were amplified and

IRS TF Study site N JBB Bev Stm Mari Tsi Maro Mah Amb Bora
JBB 14 - 35 25 94 66 58 50 142 219

CF
Bevazaha 16 0.05 n.s. - 22 97 49 24 24 115 190
Ste Marie 18 0.45 0.27 - 78 40 36 25 116 193
Mariarano 15 0.36 0.36 0.65 - 58 94 79 106 176

I

IFF
Tsiaramaso 15 0.54 0.37 0.99 0.71 - 37 25 78 155

CF Maroakata 18 0.89 0.89 0.97 0.90 0.97 - 16 92 166
II

IFF Mahajamba-Est 6 0.89 0.89 1.00 0.90 1.00 0.72 - 93 169
Ambongabe 9 0.92 0.91 0.98 0.93 0.98 0.97 0.98 - 77III IFF

Bora 3 0.92 0.91 1.00 0.94 1.00 0.98 1.00* 0.67** -
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sequenced (Appendix 2-1).

The sequencing reaction was performed with DYEnamicTM ET dye terminator kit from

Amersham Biosciences. In a 9µl reaction, 4µl ET-mix, dH2O and either H16498 or L15997

primer (final concentration 0.833µM) were mixed with 3µl of the cleaned PCR-product. All

fragments were sequenced in both directions to allow sequence verification. Thirty cycles

were run with 20s at 95ºC, 15s at 50ºC, 1min at 60ºC. Subsequently, sequencing products

were cleaned of excess dyes by ethanol precipitation. The samples were electrophorised on

the MegaBACE 500 capillary sequencer (Amersham Biosciences).

In order to exclude the potential problem of amplifying or co-amplifying nuclear copies

of mtDNA (numts), we also performed long-range PCRs using mitochondria-specific primers.

Products were thus enriched for mtDNA and the probability of sequencing the mitochondrial

copy of a gene from the amplicon was highly increased. Long-range PCRs were performed

for one animal per population with the exception of Bevazaha, where no successful

amplification could be obtained. We used the Expand Long Template PCR System (Roche)

and the primers 16SextH (5'-GAACAAATGATTATGCTAC CTTTGCACGGTCAG-3') and

16SextL (5'-GAGTCCATATCGACAATAGGGTTTACGACCTCG-3') (Funk, unpublished)

to amplify a mtDNA fragment over 16,200 bases long. The reaction contained final

concentrations of 500µM of each dNTP, 1x of Expand Long Template buffer 3, 0.3µM of

each primer, 3.75 units Expand Long Template Enzyme mix, and 6-15ng DNA in a total

volume of 50µl. Cycling conditions were as follows: 10 cycles with a denaturation step at

92ºC for 10s, annealing at 61ºC for 30s, and elongation at 68ºC for 14min followed by 25

cycles with 92ºC for 15s, 61ºC for 30s, and 68ºC for 14min. The elongation step was

prolonged for 5s for each of the last 25 successive cycles. Resulting DNA fragments were

visualized on a 0.8% agarose gel. The long-range products were purified with the Invisorb®

Spin PCRapid kit, diluted with distilled water to further reduce the concentration of genomic

DNA (1:100). Since the amount of the PCR-product was rather small and direct sequencing

failed, an additional PCR was carried out in order to amplify the D-loop using the long-range-

PCR-product as template. This additional PCR was performed with the primers H16498 and

L15997 as described above. The PCR-products were subsequently sequenced and their

sequences compared to those obtained with the standard protocol and with GenBank.
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2.3.3 Data analyses

Individual sequences were analyzed, edited, and aligned using SequencherTM 4.0.5 (Gene

Codes). The final alignment of all sequences was performed using the ClustalX software

(Thompson et al. 1997) and checked by eye. Nucleotide diversity π and the haplotype

diversity Hd were calculated with the program DnaSP 4.10.4 (Rozas et al. 2003), by which

sites with alignment gaps or missing data were excluded.

A simple regression (GLM Type II sums of squares) was used to test for the influence

of sample size on the number of haplotypes. Molecular diversity and population structure was

analyzed using the program Arlequin version 2.000 (Schneider et al. 2000). We used

Modeltest3.5.mac (2004) (Posada and Crandall, 1998) to find an evolutionary model that best

fits our data. Transversion Model (TVM+G) with the gamma correction factor of 0.2336 was

suggested by Akaike Information Criterion. The Tamura & Nei distance method (Tamura &

Nei 1993) was chosen as the best available approximation to calculate the molecular diversity.

Pairwise ΦST-values were calculated among the populations also on the basis of the Tamura &

Nei distances. The significance of these values was estimated in 1,000 permutations as

implemented in Arlequin version 2.000.

A hierarchical analysis of molecular variance (AMOVA) was performed using the

Tamura & Nei distances and the suggested gamma correction. The hierarchical AMOVA

estimated the genetic diversity within populations, among populations within IRSs, and

among the IRSs. Due to its small sample size (n = 3), the site Bora was excluded from this

analysis.

In order to test for isolation-by-distance, ΦST-values were correlated with straight-line

distances by means of a Mantel test with 1000 permutations as implemented in Genetix 4.03.

A haplotype network based on all sequences was constructed with the program TCS 1.21

(Clement et al. 2000) with a fixed connection limit of 30 changes, considering gaps as a 5th

character state. The minimal number of changes that are necessary to connect the resulting

three separate networks was determined in previous analyses (not shown).

Absolute pairwise sequence differences were determined using the program PAUP

4.0b10 (Swofford 1998) and compared within and among the defined hierarchical levels. For

comparative reasons, the sequences of three other mouse lemur species were also considered,

after having been aligned. They were selected from the NCBI based on the phylogenetic
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conclusions made by Yoder et al. (2000) and on their geographical proximity to the sampled

areas. M. tavaratra (from Ankarana, GenBank Accession number: AF285456) and

M. sambiranensis (from Manongarivo, GenBank Accession number: AF285477) were

selected as northern neighbors and M. myoxinus (from Aboalimena, GenBank Accession

number: AF285462) was selected as a southern neighbor of M. ravelobensis (Yoder et al.

2000).

2.4 Results

2.4.1 Mitochondrial DNA diversity

Using the long-range PCR we could confirm the mitochondrial origin of the sequences

obtained with the standard sequencing procedure. The sequences obtained after enriching for

mitochondrial DNA were identical to those revealed by the standard procedure. In the long-

range protocol, the dilution factor for genomic DNA exceeded 300 as compared to the

standard protocol, making it highly unlikely that genomic DNA was used as a template. We

therefore assumed that all the remaining sequences also represent authentic mtDNA.

The D-loop sequences spanned between 479 and 482 bp. Length variations were caused

by indels. As expected for this locus, the number of transitions greatly outnumbered the

number of transversions (transition/transversion ratio = 5.48).

The sample set showed high levels of genetic diversity, with twenty-seven distinct

haplotypes identified in 114 animals from 9 populations. The results of the regression analysis

showed that sample size only explained 21.2% of the variation in haplotype numbers

(R2 = 0.2116, F(1,7) = 1.88, n.s.). This value remained non-significant even when the

population with the smallest sample set (Bora, n = 3) was excluded from the analysis

(R2 = 0.1818, F(1,6) = 1.33, n.s.).

We found fewer haplotypes (1 to 3 haplotypes/population) in IFFs than in the CFs (5 to

6 haplotypes/population) (Table 2-2). Two of the isolated populations, Tsiaramaso and

Mahajamba-Est, showed no genetic diversity at all. In Bora, one of the samples differed from

the other two by an indel. However, no meaningful conclusion could be made for this

population due to its small sample size (n = 3). The population Ste Marie had low haplotype

and nucleotide diversity, since all animals except one showed identical haplotypes. Three

distinct haplotypes were found in Mariarano and Ambongabe. Therefore, these two sites
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displayed intermediate haplotype and nucleotide diversity. The populations from the National

Park showed the highest haplotype and nucleotide diversity, while Maroakata displayed high

haplotype but low nucleotide diversity.

Table 2-2: Number of haplotypes, haplotype diversity (Hd) and nucleotide diversity (π) found within
populations. Indels and ambiguities are not taken into account for the calculation of haplotype and
nucleotide diversity. SD: standard deviation.

IRS Population Number of
haplotypes

Haplotype diversity
(Hd ± SD)

Nucleotide diversity
(π ± SD)

JBB 5 0.758 ± 0.084 0.029 ± 0.003
Bevazaha 6 0.800 ± 0.068 0.032 ± 0.004
Ste Marie 2 0.111 ± 0.096 0.0002 ± 0.0002
Mariarano 3 0.590 ± 0.077 0.025 ± 0.003

I

Tsiaramaso 1 0.0 0.0
Maroakata 5 0.752 ± 0.075 0.012 ± 0.002II Mahajamba-Est 1 0.0 0.0
Ambongabe 3 0.500 ± 0.128 0.016 ± 0.004III Bora 2 0.0 0.0

Total 9 27

Haplotype sharing was common within populations and occurred in spatial clusters.

Animals captured on the same 1km-trail, and therefore in relative proximity to each other,

shared a haplotype with a higher probability than animals from the same population but from

different trails. About half (48.6%) of all possible dyadic “within-trail”-comparisons showed

haplotype sharing, in contrast to 33.6% of all “between-trail”-comparisons. This difference

was statistically significant (chi2 = 6.1, df = 1, p < 0.05). We found seven unique haplotypes,

five in females and two in males. This inequality (2.5:1) most likely reflected the uneven sex

ratio (1.9:1) among all samples with 75 females as opposed to 39 males.

We found only one case of haplotype sharing among populations. This occurred

between the populations JBB and Bevazaha, both sampled from the National Park, i.e., the

same CF.
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2.4.2 Population structure

Pairwise ΦST-values ranged from 0.05 to 0.99 within the IRSs, and from 0.89 to 1.00 among

the IRSs. All but one pairwise ΦST-values were highly significant (Table 2-1). The exception

involved the two populations JBB and Bevazaha from the National Park. Pairwise ΦST-values

did not correlate with straight line distances among sites (Fig. 2-2, Mantel test Z = 5350.56,

Pearson’s r = 0.345, p = 0.118). Pairs from different IRSs always had high ΦST-values

independent of geographical distance. In contrast, pairs from the same IRSs showed a wide

range of ΦST-values. However, even within IRSs, the relationship among ΦST-values and

geographical distance was not linear.

Fig. 2-2: Relationship between ΦST-values and straight-line distances among study sites. Grey
triangles: pairwise comparisons between populations in different IRSs, black diamonds: pairwise
comparisons between populations within the IRSs. The statistical comparison included all datapoints
simultaneously.
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The hierarchical AMOVA revealed that the wide rivers between the IRSs accounted for

82.65% of the total molecular variance (Table 2-3). The levels of genetic differentiation

within IRSs and within populations were comparable to each other, accounting for only

8.75% and 8.60% of the molecular variance, respectively. The overall ΦST value was 0.914

and highly significant.

Table 2-3: Hierarchical AMOVA of the D-loop sequences of 111 individuals from 8 populations
sampled in 3 IRSs. Bora was left out due to small sample size. Significance was tested in 1023
permutations. Φ statistics are defined by three fixation indices: ΦCT = proportion of differentiation
among IRSs, ΦSC = differentiation among populations within an IRS, and ΦST = the overall
differentiation of populations.

Source of variation d.f. Sum of
squares

Variance
component

Percentage of
variation Fixation indices

Among IRSs 2 2876.25 54.17 82.65 ΦCT:0.8265**
Among populations
within IRSs 5 436.87 5.73 8.75 ΦSC:0.5042***

ΦST:0.9140***
Within populations 103 580.73 5.64 8.60
Total 110 3893.84 65.55

**<0.01; ***<0.001

We obtained three isolated haplotype networks separated from each other by more than

59 steps (Fig. 2-3). Each network contained the complete set of sequences of one IRS.

However, no clear spatial structure could be detected within the IRSs. Haplotypes from the

same population were not necessarily more closely connected than haplotypes from different

populations. For example, the haplotypes H10 and H20 from Mariarano were both closer to

haplotypes from other populations (23 and 13 steps respectively) than they were to each other

(42 steps). This pattern occurred in populations from all three IRSs. The maximum number of

steps between two neighboring haplotypes was 20 (H3 to H2 or H1), and thus clearly below

the number of steps separating different IRSs.

We analyzed the average absolute pairwise sequence differences on three different

levels: within populations, among populations within an IRS, and among the IRSs. The

average absolute pairwise sequence differences increased with the increasing level of

analysis. They ranged from 0 to 28bp within populations (mean = 6.9bp, SD = 7.18), from 7.1

to 24.3 bp among populations within an IRS (mean = 17.8 bp, SD = 4.93), and from 52.3 to

78.4 bp among the IRSs (mean = 67.3 bp, SD = 13.44). For comparative reasons, we also
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calculated pairwise distances among 3 additional species of Microcebus. The pairwise

distances among these species ranged from 56 to 65bp (mean = 60.7 bp, SD = 4.51) and thus

were of the same order of magnitude as among different IRSs.

Fig. 2-3: Haplotype networks across all IRSs. A complete alignment of the haplotypes can be received
from authors upon request. The relative position of each network is in accordance with the geographic
setting (compare Fig. 2-1). Thick dotted lines: Boundaries between the IRSs. The minimum number of
mutational steps required to connect the three networks is indicated by double-sided arrows. Nodes
indicate mutational steps within the IRSs. The relative size of the circles and squares represent the
underlying number of sequences (n = 1 not indicated). Thin dotted lines: population boundaries, if
more than one haplotype is present in a population.
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2.5 Discussion

2.5.1 The limitations of mtDNA as marker

Given the maternal inheritance of mitochondria, analyses of mtDNA will only show the fate

of the matrilines of a given species. Whilst there are studies indicating that in a sibling

species, M. murinus, females are usually philopatric (Radespiel et al. 2003, Fredsted et al.

2004), no such information exists so far for M. ravelobensis. In general, the philopatric sex

will tend to show higher levels of genetic differentiation than the dispersing sex (Jobling &

Tyler-Smith 2003). Our database included almost twice as many females as males. Assuming

that females of M. ravelobensis are philopatric too, this could partly explain the high levels of

genetic differentiation found in this study. However, the systematic sampling from different

trails in each site most likely prohibited the overrepresentation of single matrilines within any

population. Moreover, dispersal among sites was unlikely due to geographical isolation of all

but two populations.

2.5.2 Genetic diversity within populations

In general, genetic diversity was high, as 27 distinct haplotypes were found in 114

individuals. The two populations from the National Park were particularly diverse with 10

distinct haplotypes among 30 animals. These samples were collected from a limited study

area of about 12ha within the 1,040km2 area of the National Park. Genetic diversity in the

National Park was much higher than that found in other mouse lemur studies also based on D-

loop sequences: In two studies on M. murinus, 13 different mtDNA haplotypes were found

among 85 individuals sampled in a 9ha study site (Kirindy forest, Wimmer et al. 2002) and 22

mtDNA haplotypes were detected among 205 individuals sampled from a total area of 96ha

(Kirindy forest, Fredsted et al. 2004).

We found striking differences in the level of genetic diversity between populations

sampled from CFs versus IFFs. In IFFs with the forest fragment size of less than 5.5 km2

(Tsiaramaso, Mahajamba-Est, and Ste Marie) the genetic diversity was severely reduced or

completely eliminated. The medium-sized IFFs (Mariarano with 32 km2 and Ambongabe with

16 km2) showed intermediate levels of genetic diversity, harboring 3 haplotypes each. The

genetic diversity of the Bora population cannot be reliably estimated due to the very small

sample size. Only the populations from the CFs of more than 95 km2 in size (JBB, Bevazaha,
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Maroakata) showed high levels of genetic diversity.

Thus, the genetic diversity seems to depend primarily on forest fragment size, with all

forests smaller than 32 km2 showing signs of genetic depletion. An influence of population

density (results not shown), sex ratio (results not shown) or sample size could not be detected,

although this might be partly due to the small number of sampled populations. The lack of a

sample size effect could also be caused by disturbing demographic events, such as

bottlenecks. Further sampling and genetic analyses with other marker systems (e.g.

microsatellites) are needed in order to better characterize these populations, and to understand

the historic and recent demographic processes as well as the dispersal pattern of this species.

2.5.3 Genetic differentiation among populations and the isolating effect of rivers in

northwestern Madagascar

Despite limited sampling, two main factors influencing genetic differentiation could be

identified. First, fragmentation and isolation of the forest fragments played a major role within

the IRSs. Second, rivers induced strong differentiation on the scale of the hypothesized range

of M. ravelobensis.

Fragmentation: Unique sets of haplotypes were found in populations from IFFs. We found

only one case of shared haplotypes between two populations, both sampled from the same CF.

All other populations were strongly differentiated from each other as indicated by high and

significant ΦST values. However, we did not find a correlation between geographic distances

and the ΦST-values, i.e., isolation-by-distance. This lack of spatial structure within the IRSs

was also demonstrated in the haplotype networks. The fact that haplotypes from the same

population did not necessarily cluster together but were separated by up to 42 nodes

underlined the genetic heterogeneity of the populations.

These results are most likely explained as a combined result of genetic drift, geographic

isolation due to deforestation, and decreased effective population sizes. A loss of habitat will

necessarily reduce the number of surviving individuals in a population, thus negatively

influencing the effective population size. It is remarkable that these effects can already be

detected after a relatively short period of time, as extensive land usage and loss of forest cover

probably started only a few hundred years ago (Dewar 1997, Wright & Rakotoarisoa 1997,

Rakotoarisoa 1997). However, in mouse lemurs with their very short generation time of one
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year, these processes may have generated significant genetic differentiation relatively quickly.

The highest ΦST-value between two populations sampled from the same IRS was 0.99, seen

between Ste Marie and Tsiaramaso. It can be attributed to the fact that these two populations

almost reached the highest possible levels of genetic fixation, as only 1 and 2 haplotypes were

found in them, respectively.

Isolating effect of rivers: The Betsiboka and the Maevarano rivers were previously described

to form major geographic barriers and borders of lemur geographic ranges on the subspecies

or species level (e.g. Pastorini et al. 2003). For example, the Maevarano river on the northern

border of IRS III most likely represents the southern border for the geographic range of

M. sambiranensis (Yoder et al. 2000). In contrast, no information was available on the

isolating effects of the two other wide rivers in northwestern Madagascar, the Mahajamba and

the Sofia. On average, pairwise ΦST-values within IRSs were lower than pairwise ΦST-values

among IRSs. This finding indicates that the rivers Mahajamba and Sofia have a much stronger

effect on genetic differentiation than savannahs or geographic distance. The high divergence

among IRSs is most likely caused by different time spans since separation, as rivers acted as

barriers long before the human-caused savannahs came into existence. The haplotype

networks and the hierarchical AMOVA confirmed this isolating effect of rivers.

The mean number of absolute pairwise differences among the IRSs exceeded the

number of pairwise differences among three other recognized species of mouse lemurs. These

additional species are the closest geographic neighbors to the North and the South of our

study area. Thus, the mouse lemurs from IRS II and III may belong to two separate and

previously undescribed cryptic species. The inconspicuous lifestyle and cryptic morphology

of nocturnal primates complicates species identification based on behavioral, morphological

and ecological differences in the field. Taxonomy therefore strongly relies on genetic

analyses. Unfortunately, due to the high level of homoplasy, the D-loop represents only a

weak marker when it comes to the characterization of phylogenetic splits. In the present

study, we detected 181 variable sites in a sequence of 480 bases across 114 samples,

indicating that homoplasy might be a problem. Other genetic markers, such as cytochrome

oxidases, cytochromes b and c, or respiratory chain proteins are needed to investigate the

level of speciation among our samples. Studies using ecological, morphological and genetic

data with a larger sample size and the inclusion of further loci are underway. They may result
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in the revision of mouse lemur taxonomy.

2.5.4.Implications for conservation

This study demonstrated for the first time the negative effect of forest fragmentation on

genetic diversity in mouse lemur populations. All populations from forest fragments of less

than 32 km2 in size showed signs of genetic depletion. A negative influence of forest

fragmentation on mtDNA diversity has previously been demonstrated in other mammals (e.g

Barrett et al. 1999 for Sciurus vulgaris, Tallmon et al. 2002 for Clethrionomys californicus)

and birds (e.g. Johnson et al. 2004 for Tympanochus cupido).

Uncertainties in taxonomic status cause serious problems for the evaluation of

conservation requirements and priorities. In the case of Microcebus, a number of species seem

to inhabit very small geographic ranges and may therefore be severely threatened by local

habitat destruction (Rasoloarison et al. 2000, Yoder et al. 2000, Louis et al. 2006). Here we

suggest two so far unknown splits within the genus Microcebus that coincide with the three

IRSs in northwestern Madagascar. The following implications for conservation can be

formulated:

First, all red mouse lemurs from IRS I analyzed in this study were M. ravelobensis. The

largest meta-population of this species occurs in the relatively well protected Ankarafantsika

National Park. However, due to the high genetic differentiation among the populations from

IFFs and their sets of unique haplotypes, we recommend to extend conservation efforts. The

establishment of further protected areas, such as in the Mariarano area, would help to

maintain the genetic diversity in this species.

Second, the populations of rufous mouse lemurs within IRS II are genetically

differentiated from the other IRSs. These animals represent at least a management unit (sensu

Moritz 1994), but could also be an evolutionary significant unit (sensu Frazer & Bernatchez

2001) or even a new cryptic species. An adequate study to clarify the taxonomic status of

these populations is underway (see above). Independent of the outcome, IRS II needs to be

managed separately from M. ravelobensis. Currently, IRS II does not contain an officially

protected area. The forest of Bongolava still seems to harbor a genetically diverse population

and would be a good candidate for conservation efforts in IRS II.

Third, an even greater conservation concern has to be expressed for IRS III. The

animals from this area are highly genetically differentiated from those of IRS I, IRS II, and
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from the neighboring species M. sambiranensis. This strongly suggests that they form at least

a separate management unit (sensu Moritz 1994), but could also belong to an evolutionary

significant unit (sensu Frazer & Bernatchez 2001) or even to a new cryptic species. Their

distribution appears to be limited by the rivers Sofia and Maevarano. Unfortunately, only a

few small forest fragments remain in IRS III. To our knowledge, two are under legal

protection, but the protection appears ineffective.

The present study confirms that Madagascar's biodiversity in general and the diversity

of small nocturnal lemurs in particular is still underestimated. Deforestation on the local level

may threaten not only populations, but entire taxa. Zones of effective protection must be

urgently defined within the IRSs II and III in order to conserve these genetically distinct

populations of the genus Microcebus.
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2.7 Appendix

Appendix 2-1: Summary list of samples used in this study. The source population, the respective IRS,
year of sampling, sex and haplotype assignment as well as the sampler of each individual are provided.
The sample ID is composed of the individual number, followed by the year of sampling and by an
abbreviation for the population. All sequences have been deposited in GenBank under the Accession
numbers EF065272-EF065385.
Sample ID Population IRS Year Sex Haplotype Sampler1

012y00jbb JBB I 2000 m H11 UR, P.Braune
014y00jbb JBB I 2000 f H13 UR, P.Braune
008y00jbb JBB I 2000 f H15 UR, P.Braune
011y00jbb JBB I 2000 f H18 UR, P.Braune
005y00jbb JBB I 2000 m H11 UR, P.Braune
016y00jbb JBB I 2000 f H15 UR, P.Braune
021y00jbb JBB I 2000 m H11 UR, P.Braune
007y00jbb JBB I 2000 f H21 UR, P.Braune
006y00jbb JBB I 2000 m H11 UR, P.Braune
002y00jbb JBB I 2000 m H18 UR, P.Braune
004y00jbb JBB I 2000 f H18 UR, P.Braune
010y00jbb JBB I 2000 f H18 UR, P.Braune
013y00jbb JBB I 2000 m H11 UR, P.Braune
015y00jbb JBB I 2000 f H11 UR, P.Braune
078y00bev Bevazaha I 2003 m H16 R.Rakotondravony
095y00bev Bevazaha I 2003 m H16 R.Rakotondravony
001y00bev Bevazaha I 2000 f H12 UR
089y03bev Bevazaha I 2000 f H12 UR
098y03bev Bevazaha I 2003 f H13 R.Rakotondravony
088y03bev Bevazaha I 2003 m H16 R.Rakotondravony
084y03bev Bevazaha I 2003 m H16 R.Rakotondravony
085y03bev Bevazaha I 2003 f H16 R.Rakotondravony
079y03bev Bevazaha I 2003 f H16 R.Rakotondravony
116y03bev Bevazaha I 2003 f H23 R.Rakotondravony
005y00bev Bevazaha I 2000 m H12 UR
006y00bev Bevazaha I 2000 f H12 UR
080y03bev Bevazaha I 2003 m H22 R.Rakotondravony
003y00bev Bevazaha I 2000 f H17 UR
004y00bev Bevazaha I 2000 m H17 UR
002y00bev Bevazaha I 2000 f H17 UR
022y01stm Ste. Marie I 2001 f H14 UR, KG, K.Marquart
028y01stm Ste. Marie I 2001 f H14 UR, KG, K.Marquart
012y01stm Ste. Marie I 2001 m H24 UR, KG, K.Marquart
020y01stm Ste. Marie I 2001 f H14 UR, KG, K.Marquart
003y01stm Ste. Marie I 2001 f H14 UR, KG, K.Marquart
006y01stm Ste. Marie I 2001 m H14 UR, KG, K.Marquart
011y01stm Ste. Marie I 2001 m H14 UR, KG, K.Marquart
021y01stm Ste. Marie I 2001 m H14 UR, KG, K.Marquart
016y01stm Ste. Marie I 2001 f H14 UR, KG, K.Marquart
027y01stm Ste. Marie I 2001 m H14 UR, KG, K.Marquart
005y01stm Ste. Marie I 2001 m H14 UR, KG, K.Marquart
004y01stm Ste. Marie I 2001 f H14 UR, KG, K.Marquart
002y01stm Ste. Marie I 2001 f H14 UR, KG, K.Marquart
014y01stm Ste. Marie I 2001 f H14 UR, KG, K.Marquart
013y01stm Ste. Marie I 2001 f H14 UR, KG, K.Marquart
019y01stm Ste. Marie I 2001 m H14 UR, KG, K.Marquart
008y01stm Ste. Marie I 2001 f H14 UR, KG, K.Marquart
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Sample ID Population IRS Year Sex Haplotype Sampler
018y01stm Ste. Marie I 2001 m H14 UR, KG, K.Marquart
103y03mari Mariarano I 2003 f H20 GO
106y03mari Mariarano I 2003 m H10 GO
061y03mari Mariarano I 2003 f H10 GO
096y03mari Mariarano I 2003 f H10 GO
081y03mari Mariarano I 2003 f H20 GO
057y03mari Mariarano I 2003 f H25 GO
097y03mari Mariarano I 2003 f H10 GO
079y03mari Mariarano I 2003 f H20 GO
085y03mari Mariarano I 2003 f H10 GO
075y03mari Mariarano I 2003 m H20 GO
058y03mari Mariarano I 2003 m H20 GO
101y03mari Mariarano I 2003 f H10 GO
099y03mari Mariarano I 2003 f H10 GO
051y03mari Mariarano I 2003 f H20 GO
086y03mari Mariarano I 2003 f H10 GO
367y03tsia Tsiaramaso I 2003 f H19 GO, KG
359y03tsia Tsiaramaso I 2003 f H19 GO, KG
368y03tsia Tsiaramaso I 2003 f H19 GO, KG
358y03tsia Tsiaramaso I 2003 f H19 GO, KG
369y03tsia Tsiaramaso I 2003 f H19 GO, KG
365y03tsia Tsiaramaso I 2003 f H19 GO, KG
360y03tsia Tsiaramaso I 2003 m H19 GO, KG
371y03tsia Tsiaramaso I 2003 f H19 GO, KG
370y03tsia Tsiaramaso I 2003 f H19 GO, KG
364y03tsia Tsiaramaso I 2003 f H19 GO, KG
363y03tsia Tsiaramaso I 2003 f H19 GO, KG
366y03tsia Tsiaramaso I 2003 f H19 GO, KG
362y03tsia Tsiaramaso I 2003 m H19 GO, KG
361y03tsia Tsiaramaso I 2003 m H19 GO, KG
372y03tsia Tsiaramaso I 2003 f H19 GO, KG
340y03ata Maroakata II 2003 m H5 GO, KG
311y03ata Maroakata II 2003 m H5 GO, KG
308y03ata Maroakata II 2003 f H6 GO, KG
323y03ata Maroakata II 2003 f H6 GO, KG
345y03ata Maroakata II 2003 f H26 GO, KG
332y03ata Maroakata II 2003 m H5 GO, KG
312y03ata Maroakata II 2003 m H5 GO, KG
314y03ata Maroakata II 2003 f H5 GO, KG
326y03ata Maroakata II 2003 f H5 GO, KG
327y03ata Maroakata II 2003 f H5 GO, KG
301y03ata Maroakata II 2003 f H7 GO, KG
313y03ata Maroakata II 2003 m H7 GO, KG
347y03ata Maroakata II 2003 f H8 GO, KG
317y03ata Maroakata II 2003 m H8 GO, KG
339y03ata Maroakata II 2003 f H5 GO, KG
307y03ata Maroakata II 2003 f H6 GO, KG
318y03ata Maroakata II 2003 f H8 GO, KG
319y03ata Maroakata II 2003 f H8 GO, KG
151y03est Mahajamba-Est II 2003 m H9 UR, R.Rakotondravony
154y03est Mahajamba-Est II 2003 f H9 UR, R.Rakotondravony
153y03est Mahajamba-Est II 2003 f H9 UR, R.Rakotondravony
149y03est Mahajamba-Est II 2003 f H9 UR, R.Rakotondravony
152y03est Mahajamba-Est II 2003 f H9 UR, R.Rakotondravony
148y03est Mahajamba-Est II 2003 f H9 UR, R.Rakotondravony
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Sample ID Population IRS Year Sex Haplotype Sampler
357y03amb Ambongabe III 2003 f H2 GO, KG
356y03amb Ambongabe III 2003 f H2 GO, KG
349y03amb Ambongabe III 2003 m H2 GO, KG
352y03amb Ambongabe III 2003 m H2 GO, KG
355y03amb Ambongabe III 2003 f H1 GO, KG
348y03amb Ambongabe III 2003 f H3 GO, KG
353y03amb Ambongabe III 2003 f H3 GO, KG
354y03amb Ambongabe III 2003 m H3 GO, KG
350y03amb Ambongabe III 2003 f H1 GO, KG
003y02bora Bora III 2002 f H27 Randrianambinina, Rasoloharijaona
002y02bora Bora III 2002 m H4 Randrianambinina, Rasoloharijaona
001y02bora Bora III 2002 m H4 Randrianambinina, Rasoloharijaona
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3 Second study

The ever-increasing diversity in mouse lemurs: three

new species in north and northwestern Madagascar

3.1 Abstract

Mouse lemurs (Microcebus spp.) are the world’s smallest primates and endemic to

Madagascar. Several recent taxonomic revisions resulted in an extraordinary increase of

recognized species. What still was considered as being two species at the beginning of the 20th

century is currently recognized as 12 taxa. Based on fur coloration pattern, they can be

divided into grayish and reddish forms. Two major models have been proposed to explain the

extensive speciation events in the Malagasy fauna. The best known suggests that major rivers

and mountains combine to act as effective barriers to gene flow and thereby facilitate

allopatric speciation processes. A more recent model used an analysis of watersheds in the

context of Quaternary climatic shifts to explain the process of explosive speciation on the

island. We tested these two models by covering the areas between all major rivers (n = 8) in

northwestern and northern Madagascar. Mouse lemurs were systematically caught, sampled

and morphometrically characterized in 25 sites (with 2-49 individuals per site and species). A

complete phylogeny was constructed on the basis of the sequences of three mitochondrial loci

(in total 1 296 bp). The phylogenetic data revealed a previously unknown biodiversity with

three new mouse lemur species among the reddish forms, each having a very small

distribution, i.e. being restricted to only one Inter-River-System (IRS). Morphometric

analyses underlined their distinctiveness and a brief formal species description is provided. In

contrast to the reddish forms, grayish forms have a very low species diversity coupled with

broad distributions that cover more than one IRS. These differences among the species are

discussed as outcome of divergent colonization scenarios. Elements of both biogeographic

models are combined in a new hypothesis that aims to explain the speciation process leading

to the present distribution of mouse lemurs in Madagascar.
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3.2 Introduction

Mouse lemurs (Microcebus spp.) are the world’s smallest primates and are widely distributed

on the island of Madagascar. The phylogenetic relationship of this genus to the other lemurs is

well established: Together with Allocebus, Cheirogaleus, Mirza, and Phaner, they form the

family Cheirogaleidae (e.g. Pastorini et al. 2001). How many nominal species compose this

taxa, however, has been a matter of debate and constant revision ever since its first

description. At the beginning of the 20th century, most of the scientific community agreed that

there was only one species (M. murinus) (Schwarz 1931; Napier & Napier 1967). It was only

in the 70’s that evidence depicting a more complex situation started accumulating. Martin

(1972) and Petter et al. (1977) showed, for example, that there should be at least two forms or

sub-species: a gray one (M. m. murinus) along the west coast and a red one (M. m. rufus)

along the east coast. However, the authors already reported the punctual presence of both

forms outside their usual distribution and therefore suspected further species. In the end, only

long term studies (Schmid & Kappeler 1994; Zimmermann et al. 1998) or studies covering a

wide geographical range (Rasoloarison et al. 2000) were able to give a clearer view of the

situation, mainly relying on morphometry, genetics and bioacoustics (Yoder et al. 2000;

Zimmermann et al. 2000; Pastorini et al. 2001; Yoder et al. 2002; Kappeler et al. 2005; Louis

et al. 2006). Up to now, 12 species have been described and four others have been proposed

(Louis et al. 2006). In most of the recent studies, the species are divided into two main

groups. The designations of these vary from study to study. Rasoloarison et al. (2000) wrote

about “rufous mouse lemurs” and “gray mouse lemurs”, Pastorini et al. (2001) mentioned two

“subclades” without giving names, and Yoder et al. (2000; 2002) used the terminology

“northern clade” and “southern clade”. Based on fur coloration pattern, we will call them the

grayish forms and the reddish forms in the following. The reddish forms include: M. rufus,

M. ravelobensis, M. myoxinus, M. berthae, M. sambiranensis, M. tavaratra, M. lehilahytsara,

M. mittermeieri, M. jollyae, and M. simmonsi and the grayish forms M. murinus and

M. griseorufus (Table 3-1). No description is available for the four newly proposed species

(Louis et al. 2006), so that we cannot attribute them to one of these forms. Because of the

many revisions of taxonomy, species’ attributions in old studies or studies not employing

genetics may no longer be accurate and have not been considered. Based on this convention,

species are usually only known from one or a few localities close to each other (Fig. 3-1).
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Many areas have not been sampled at all, so that the distribution of each species cannot be

easily deduced from these data.

Table 3-1: List of all known and proposed Microcebus species according to recent genetic studies.
Species Known sites Abbrevation Reference
M. murinus Ampijoroa ampi Pastorini et al. 2001

Kirindy kir Yoder et al. 2000, Pastorini et al. 2001
Andranomena and Yoder et al. 2000
Vohimena voh Yoder et al. 2000
Mandena dena Yoder et al. 2000, Pastorini et al. 2001
Manamby amby Yoder et al. 2000
Berenty ber Yoder et al. 2002

M. griseorufus Beza Mahafaly bez Yoder et al. 2000
Berenty ber Yoder et al. 2002
Tsimananampetsotsa pet Louis et al. 2006

M. ravelobensis Ampijoroa ampi Yoder et al. 2000, Pastorini et al. 2001
M. sambiranensis Manongarivo rivo Yoder et al. 2000
M. tavaratra Ankarana kar Yoder et al. 2000
M. rufus Tampolo tam Yoder et al. 2000
M. berthae Kirindy kir Yoder et al. 2000
M. myoxinus Bemaraha bem Yoder et al. 2000

Aboalimena abo Yoder et al. 2000
Kirindy kir Louis et al. 2006

M. lehilahytsara Andasibe ibe Kappeler et al. 2005
M. jollyae Kianjavato kia Louis et al. 2006

Mananjary jary Louis et al. 2006
M. simmonsi Zahamena zah Louis et al. 2006

Betampona bet Louis et al. 2006
Ranomafana rano Yoder et al. 2000

M. mittermeieri Anjanaharibe-Sud sud Louis et al. 2006
M. sp. nova 1 Manombo mbo Louis et al. 2006
M. sp. nova 2 Mantadia dia Louis et al. 2006
M. sp. nova 3 Karianga kar Louis et al. 2006

Vevembe vev Louis et al. 2006
M. sp. nova 4 Nosy Be no Louis et al. 2006
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Fig. 3-1: Map of Madagascar showing the presence of the different mouse lemur species according to
recent genetic studies and biogeographic subzones, defined by Martin (1995). E1 and E2, east coast
zones; W1, W2 and NW, west coast; X, zone in the northwest; N, north coast zone; CH, central
highland zone.
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The genus Microcebus is one of the most diverse clades among lemurs. It is a good

example of the overall exceptional adaptive radiation in Malagasy lemurs. Two major models

have been proposed to explain the underlying extensive speciation events.

The best known hypothesis suggests that major rivers and mountains commonly act as

barriers to gene flow separating individual regions (Martin 1972, 1995). These barriers should

be sufficiently impermeable to favor allopatric speciation but occasional migration across

them could be followed by a period of interspecific competition resulting in divergent

specialization.

A more recent model (Wilmé et al., 2006) also emphasizes the role of rivers and

mountains. However, instead of using the width of rivers as a selective criterion, these authors

propose that the altitude of the sources of the hydrological systems is crucial. According to

them, natural habitats at lower elevations experienced more-pronounced arid conditions than

did zones at higher elevations during the cooler and drier periods of glaciations. The three

mountains of Madagascar above 2000 m would still have caused orographic precipitations

that supplied water to the rivers springing from there. Other rivers would have dried up during

these interphases. Riverine habitats around the persisting rivers could have acted as buffers

for the maintenance of the more mesic local conditions. These could have been potential

corridors for the retreat towards higher altitudinal zones. Watersheds with sources at lower

elevation would have been isolated which could have lead to vicariant events. This scenario

predicts 12 centers of endemism in the more lowland and costal portions of the island and 10

to 13 retreat-dispersion watersheds around the rivers with headwaters on highlands (Fig. 3-2).
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Fig. 3-2: Map of Madagascar showing the centers of endemisms, the retreat-dispersion watersheds,
parks and reserves, the mountains above 2000m and the remaining forest cover (modified after Wilmé
et al. 2006).
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The northwestern and northern parts of Madagascar represent a perfect area to test if

speciation follows the pattern suggested by these models. Eight wide rivers (more than 50 m

wide 20 km upstream) divide this area into nine natural Inter-River-Systems (IRS 0, IRS Ia

and IRS Ib, IRS II to IRS VII, Fig. 3-3). According to Martin (1972, 1995), four

biogeographic zones are recognized in this part of the island (W1, NW, X, and N in Fig. 3-1).

According to Wilmé et al. (2006), four of these eight rivers have headwaters originating at

one of the three high mountains. They define five centers of endemism (1, 9, 10, 11, and 12 in

Fig. 3-2). The aim of this study is to test, which of these two hypotheses better explains the

exceptional species diversity of mouse lemurs in northwestern Madagascar.

We captured animals from 25 sites covering all nine IRSs in north and northwestern

Madagascar and one site on the east coast (Fig. 3-3). Tissue samples and morphometric

measures were collected from each individual. We sequenced three mitochondrial loci of one

or two individuals per fur coloration pattern and per site, totaling in a concatenated sequence

of 1292 bp per individual. Phylogenetic analyses were performed with these and other

published data. In addition, morphometric data were analyzed in order to explore, to which

extent genetic divergencies, as yielded in this study, are further supported by morphological

differences.
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3.3 Materials and methods

3.3.1 Samples

The samples were collected between 2000 and 2005 in the sites indicated by black triangles in

Fig. 3-3. The coordinates of these sites are given in Randrianambinina et al. (2003), Olivieri

et al. (2005) and Rasoloharijaona et al. (2005). The animals were captured using Sherman live

traps baited with bananas. Around 100 traps were set up in the evening along 1 km trails in

the forest. These traps were checked at dawn and captured animals were brought to the camp.

Approximately 2 mm² of ear biopsies were taken from each individual and preserved in

Queen’s lysis buffer (Seutin et al. 1991). After determining the sex of each individual, the

following 13 morphometric variables were measured: weight, ear length, ear width, head

length, head width, snout length, interorbital distance, intraorbital distance, lower leg length,

hind foot length, 3rd toe length, tail length, and body length (definitions in Hafen et al., 1998;

Zimmermann et al., 1998). All animals were returned to the exact site of capture at dusk,

which is the beginning of their activity period.

Tissue samples and morphometric measures for 2-49 individuals of each species at each

site were available. For the genetic analyses, however, only one to two individuals were

included per colour morph and site (Table 3-2). Available GenBank sequences were

incorporated in the phylogeny for comparison. The sequences of a Mirza sp. and a

Cheirogaleus medius of unknown origin and/or from Propithecus verreauxi, Cheirogaleus

major, Mirza zaza and/or M. coquereli from GenBank (Table 3-2) were used as outgroups to

root the trees. For the morphometric analyses, data of all captured adult individuals were

included.
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Table 3-2: List of samples used in the analysis.
Site IRS Abb ST FC or species Individual COII Cyt b D-loop CB IC

Ankirihitra 0 anki T RF 005y03anki EF065265 EF065189 EF065237 24-63 yes
GF 001y03anki EF065266 EF065183 EF065236 24-66 yes

Madirovalo 0 madi T RF 009y03madi EF065252 EF065182 EF065221 24-63 yes
Ampijoroa Ia ampi T RF 021y00ampi EF065261 EF065187 EF065229 24-59 yes
Mangatelo Ia telo T GF 041y03telo EF065257 EF065184 EF065232 24-67 yes
Mariarano Ia mari T RF 103y03mari EF065251 EF065197 EF065380 24-59 yes
Tananvaovao Ia tan T RF 117y03tan EF065269 EF065196 EF065223 24-59 yes

GF 118y03tan EF065248 EF065191 EF065224 24-67 yes
Tsiaramaso Ia tsia T RF 370y03tsia EF065259 EF065198 EF065373 24-59 yes
Le Croisement Ib le T RF 001y03le EF065247 EF065188 EF065213 24-64 yes
Mahajamba Est II est T RF 148y03est EF065254 EF065185 EF065306 24-59 yes
Maroakata II ata T RF 345y03ata EF065263 EF065190 EF065285 24-59 yes

GF 305y03ata EF065262 EF065186 EF065230 24-67 yes
Ambodimahabibo II bibo T RF 051y04bibo EF065256 EF065195 EF065233 24-59 yes
Ambarijeby III jeby T RF 006y04jeby EF065253 EF065205 EF065219 24-61 yes
Ambongabe III amb T RF 356y03amb EF065260 EF065194 EF065275 24-61 yes
Anjiamangirana III anji T RF 092y04anji EF065267 EF065192 EF065235 24-62 yes
Ankozany III zany T RF 018y05zany EF065244 EF065208 no
Bora III bora T RF 001y02bora EF065246 EF065203 EF065283 24-62 yes
Mahatsinjo III injo T RF 086y04injo EF065268 EF065204 EF065234 24-61 yes
Marosakoa III koa T RF 038y04koa EF065258 EF065193 EF065231 24-62 yes
Ambongomamy IV mamy T RF 007y05mamy EF065264 EF065209 EF065238 24-59 yes
Mahilaka V mah T RF 010y02mah EF065271 EF065180 EF065222 24-59 yes

011y02mah EF065249 EF065202 EF065225 24-60 yes
Lokobe VI lok T RF 003y02lok EF065245 EF065201 EF065214 24-60 yes
Manehoka VI oka T RF 003y02oka EF065270 EF065211 EF065215 24-60 yes

013y02oka EF065250 EF065207 EF065226 24-61 yes
Analabe VII ana T RF 003y03ana EF065242 EF065206 EF065217 24-56 yes
Ankarana VII kar T RF 007y03kar EF065239 EF065210 EF065220 24-56 yes
Ankavana VII anka T RF 003y03anka EF065240 EF065212 EF065216 24-56 yes

004y03anka EF065241 EF065199 EF065218 24-57 yes
Mantadia dia T RF 017y00man EF065255 EF065200 EF065227 24-64 yes

018y00man EF065243 EF065181 EF065228 24-65 yes
Mandena dena GB M. murinus 00-016A-8EBC AF321178 AF285565 AF285488 55-99 yes
Kirindy kir GB M. murinus Jorg 33 AF285526 AF285562 AF285485 55-99 yes
Berenty ber GB M. griseorufus YLE 362 AY167064 AY167076 AY167088 55-97 yes

YLE358 AY167060 AY167072 AY167084 55-97 yes
Beza Mahafaly bez GB M. griseorufus RMR 76 AF321180 AF285567 AF285490 55-98 yes

YLE116 AF321181 AF285568 AF285491 54-97 yes
Ampijoroa Ia ampi GB M. ravelo. RMR 52 AF285455 AF285532 AF285455 55-90 yes

RMR 60 AF285495 AF285531 AF285454 55-90 yes
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Table 3-2: Continued

Site IRS Abb ST FC or species Individual COII Cyt b D-loop CB IC

Manongarivo V rivo GB M. sambiranensis YLE 72 AF285518 AF285554 AF2854771 55-89 yes
RMR 37 AF285520 AF285556 AF285479 55-89 yes

Ankarana VII kar GB M. tavaratra RMR 43 AF285497 AF285533 AF285456 55-87 yes
YLE110 AF285498 AF285534 AF285457 55-87 yes

Ranomafana rano GB M. rufus YLE 138 AF285508 AF285544 AF285467 55-94 yes
F25 AF285515 AF285551 AF285474 55-94 yes

Tampolo tam GB M. simmonsi YLE 190 AF285516 AF285552 AF285475 55-91 yes
SMG 8747 AF285517 AF285553 AF285476 55-91 yes

Kirindy kir GB M. berthae Jorg 46 AF285507 AF285543 AF285466 55-94 yes
Jorg 62 AF285506 AF285542 AF285465 55-94 yes

Aboalimena abo GB M. myoxinus RMR 85 AF285503 AF285539 AF285462 55-94 yes
RMR 82 AF285502 AF285538 AF285461 55-94 yes

Bemaraha bem GB M. myoxinus YLE62 AF285500 AF285536 AF285459 44-83 yes
RMR 31 AF285501 AF285537 AF285460 55-94 yes

Andasibe ibe GB M. lehilahytsara Andasibe 1 DQ095782 no
Andasibe 2 DQ095783 no

Kianjavato kia GB M. jollyae PBZT 114 AY569193 no
KIAN67 AY569183 no

Mananjary jary GB M. jollyae MANJ11 AY569184 no
Betampona bet GB M. simmonsi PBZT 117 AY569190 no

BET87 AY569189 no
Zahamena zah GB M. simmonsi ZAH12 AY569203 no

ZAH7 AY515553 no
Anjanaharibe-Sud sud GB M. mittermeieri PBZT 115 AY569192 no

JAR18 AY569182 no
Manombo mbo GB M. sp. nova 1 M98 AY515556 no
Mantadia Man GB M. sp. nov 2 TAD23 AY569179 no
Karianga kar GB M. sp. nova 3 KAR6 AY515543 no
Vevembe vev GB M. sp. nova 3 VEV35 AY569202 no

VEV33 AY569201 no
- T Mirza sp. 001y04Mirza EF122246 EF122248 EF122250 24-87 yes
- T C. medius 002y00Cheiro EF122247 EF122249 no
Ambato GB Mirza zaza Ambato 1 DQ093169 no
Kirindy kir GB Mirza coquereli Kirindy 1 DQ093175 no
- GB P. verreauxi YLE66 AF285492 AF285528 AF285451 53-98 yes
Abb: abbreviation; ST: sample type (T: tissue, GB: GenBank); FC: fur color (RF: reddish form, GF: grayish
form); CB: cut bases in the D-loop sequence; IC: incorporated in the concatenated data set; IRS: Inter-River-
System; C.: Cheirogaleus; P.: Propithecus.
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3.3.2 DNA extraction, PCR amplification, and sequencing

The genomic DNA was extracted from the tissue samples using the DNeasy Tissue Kit

(Qiagen) or standard phenol/chloroform extraction techniques (Maniatis et al. 1982). Three

different loci of mitochondrial DNA (partial D-loop region, Cyt b and COII) were amplified

using the primers mentioned in Table 3-3. The PCR reaction and cycling conditions for the D-

loop and COII loci were the same and are given in Guschanski et al. (in press). For Cyt b,

PCR amplifications (35 cycles of 60 sec. at 94°C, 45 sec. at 50°C, and 90 sec. at 72°C) were

carried out in a 25 µl reaction at the final concentration of 1.0 µM for each primer, 1.5 mM of

MgCl2, 10 mM of each dNTP, 1xNH4-reaction buffer (50 mM Tris-HCl pH 8.8, 16 mM

(NH4)2SO4, 0.1% Tween® 20), 1.25 units of Taq DNA polymerase, and 1 µl of DNA. 2 µl of

PCR-products were loaded on a 1.5% agarose gel containing 1.3 x 10-4 mg/ml ethidium

bromide to verify successful amplification. PCR-products were cleaned using the standard

protocol of the Invisorb® Spin PCRapid kit (Invitek). The corresponding set of primers were

used for direct sequencing of both strands with DYEnamic™ ET dye terminator kit

(Amersham Biosciences). A more detailed description of the cycling reaction is given in

Guschanski et al. (in press). The products were then cleaned of excess dyes by ethanol

precipitation and electrophorised on a MegaBACE 1000 capillary sequencer (Amersham

Biosciences).

3.3.3 Phylogenetic analyses

Individual sequences were analyzed, edited, and aligned using Sequencher™ 4.0.5 (Gene

Codes). The final alignment of all sequences, including the outgroup, was performed for each

locus separately using the program Clustal X (Thompson et al. 1997) and checked by eye.

Alignments of partial Cyt b and COII sequences were straightforward as they do not include

any indels. Part of the sequences of the D-loop were too variable to align across taxa. We

therefore chose to cut out this region (Table 3-2). The final alignments are available upon

request. The analyses described below were conducted on four data sets: one for each of the

three loci alone and one for the three concatenated sequences. We only present here the latter,

as it is the most complete and has the highest bootstrap values. It did not differ in its

conclusions to the others. However, not all Microcebus species have been sequenced for all

three genes (Table 3-2), so that it was not possible to integrate them in the concatenated tree.
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In these cases, we referred to the single gene trees in order to determine their phylogenetic

position.

To describe the variation among taxa, absolute pairwise distances from the concatenated

data set were calculated with the program PAUP 4.0b10 (Swofford 1998). To determine fixed

molecular differences among terminal clades (indicating the existence of biological barriers),

diagnostic sites for each terminal clade to all others were identified using the program

MEGA 3.1 (Kumar et al. 2004).

PAUP 4.0b10 was also used for two phylogenetic methods: maximum parsimony (MP)

and maximum likelihood (ML). Furthermore, the program MrBayes 3.1.2. (Ronquist &

Huelsenbeck 2003) was used for Bayesian inferences. Gaps were considered as missing data

in ML and Bayesian analyses, but were treated as fifth character in MP analysis. For MP

analysis, we performed a heuristic search with 1000 random stepwise additions of taxa, tree

bisection and reconnection (TBR), and branch swapping. Phylogenetically informative

characters were treated as unordered and equally weighted. For ML, an appropriate nucleotide

substitution model was selected using the hierarchical likelihood ratio test (hLRT) as

implemented in Modeltest 3.5.mac (Table 3-4). In ML, we performed a heuristic search with

30 random stepwise additions of taxa, TBR, and branch swapping. Statistical support of the

clades was assessed using non-parametric analyses including 1000 and 100 replicates for ML

and MP, respectively.

Bayesian methods estimated a phylogeny using different models for each partition

(locus) of molecular data. The models of sequence evolution were the same as the ones used

for ML if implemented in MrBayes 3.1.2. If not, the next more complex available model was

used (Ronquist et al. 2005)(Table 3-4). The run was done twice with four incrementally-

heated Markov chains initiated with random starting trees and default priors. The analysis ran

for 18 x 106 generations, sampling every 100th tree. Generations sampled before the chain

reached stationarity (empirically estimated) were discarded. With the remaining trees, a

majority-rule consensus topology, branch lengths, and posterior probabilities for nodes were

computed.
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3.3.4 Morphometric analyses

The seasonally varying variable weight was not considered in the analysis. The 12 remaining

variables were tested for normality using the Kolmogorov-Smirnov test (Statistica 6.0,

StatSoft, Inc.) at a level of α≤0.05. All were normally distributed. The parameters were then

tested for correlation. All parameters were sufficiently non-related (r<0.75) to be used in a

discriminant function analysis (Braune et al. 2005). A multiple analysis of variance

(MANOVA) was conducted with sex and species as factors. Species attribution was based on

the phylogenetic results. Variables with significant differences between sexes (Bonferroni

post hoc test) were not included in further analysis. With the others, a stepwise forward

method (Wilk’s-λ statistic) with the criteria Fto enter = 3.84 and Fto remove = 2.71 and a tolerance

level of ≤0.01 was used to calculate the discriminant function model.

3.4 Results

3.4.1 Phylogenetic analyses

The new mtDNA sequences are deposited in GenBank under the numbers listed in Table 3-2.

The 71 sequences of the partial COII were 529 bp long with no indels. A total of 179

characters were variable, 141 of which were parsimony-informative. There were 41 different

haplotypes. For the partial Cyt b, which was 307 bp long, 61 sequences were compared.

Seventeen variable characters were parsimony-uninformative and 97 variable characters were

parsimony-informative. The data set consisted of 48 different haplotypes. The D-loop

sequences, after having cut out the hypervariable part, varied in length from 441 to 447 bp.

When aligned, the sequences were 460 characters long. Seventy variable characters were

parsimony-uninformative and 206 variable characters were parsimony-informative. The 57

sequences corresponded to 52 different haplotypes.

As done in a previous study that reconstructed the phylogenetic relationships of mouse

lemurs (Yoder et al. 2000), we combined these three loci. Among the 37 sequences making up

the concatenated data set, 33 haplotypes were detected. A summary of the mutation models

used in the phylogenetic analyses together with the values of their different parameters is

given in Table 3-4.
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When excluding outgroups, all trees, regardless of the methods used, had 13 highly

supported terminal clades (Fig. 3-4 and 3-5). Reference sequences (Table 3-2) of already

described mouse lemurs species were nested in 10 of these terminal clades. They allowed us

to determine the species identity of these terminal clades (Fig. 3-4 and 3-5). The three other

terminal clades did not include reference sequences in the trees constructed from COII

sequences, which contained even three of the proposed but not yet described species from

Louis et al. (2006). Our three terminal clades without reference sequences consisted of

reddish forms from IRS II, III and VI respectively.
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Table 3-3. Primers used for sequencing.
Loci Form Name Sequence Reference
D-loop RF and GR L15997 5'-CACCATTAGCACCCAAAGCT-3' Gerloff et al., 1999

H16498 5'-CCTGAAGTAGGAACCAGATG-3'
COII RF L7553 5'-AACCATTTCATAACTTTGTCAA-3' Adkins and Honeycutt, 1994

H8320 5'-CTCTTTAATCTTTAACTTAAAAG-3'
GF COIImurF 5'-AGCCCAATTAGGATTCCAAGAC-3' This study

COIImurR 5'-CTTCAAAGTGCTTTAGCGGAACTA-3'
Cyt b RF L14841 5'-AAAAAGCTTCCATCCAACATCTCAGCATGATGAAA-3' Kocher et al., 1989

H15149 5'-AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA-3'
GF cytBmurF 5'-CACTAATAAAAATCATAAACAACTCATTCATT-3' This study

cytBmurR 5'-CTCAGATTCATTCTACTAGATCAGTGCCTAT-3'
RF: reddish forms, GR: grey forms
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Table 3-4. Models and parameters used for the ML and Bayesian methods.
Loci Method Partition Model Base Nst Rmat Shape  Pinvar TRatio
COII ML no TrN+I+G 0.3435 0.2521 0.1143 6 1.0000 13.0580 1.0000 1.0000 21.3420 1.0000 0.4001 0.4041
Cyt b ML no TrN+I+G 0.3051 0.2961 0.1143 6 1.0000 12.7951 1.0000 1.0000 16.5768 1.0000 37794 0.5908
D-loop ML no HKY+I+

G
0.3570 0.2596 0.0859 2 0.5141 0.3403 5.3868

Combined ML no TrN+I+G 0.3449 0.2544 0.1072 6 1.0000 11.1279 1.0000 1.0000 16.5448 1.0000 0.4854 0.4526
Combined Bayesian COII GTR+I+G 0.3216 0.2294 0.1332 6 0.0268 0.2909 0.0293 0.0119 0.6188 0.0222 0.2955 0.4986

Cyt b GTR+I+G 0.2879 0.2570 0.1330 6 0.0354 0.1955 0.0202 0.0071 0.7351 0.0065 0.2920 0.3017
D-loop HKY+I+

G
0.3747 0.2625 0.0774 2 0.4669 0.3667 14.8588

For ML, the models and values were given by hLRT as implemented in Modeltest 3.5.mac (2004). For Bayesian analysis, the model was the same as the ones
used for ML if
implemented in MrBayes or the next more complex available. Parameters were estimated in MrBayes. Base: stationary state frequencies (A, C, G); Nst: number of
substitution rates;
Rmat: reversible substitution rates (A↔C, A↔G, A↔T, C↔G, C↔T, G↔T); Shape: shape of the gamma distribution of rate variation across sites; Pinvar:
proportion of invariable sites;
TRatio: transition rate/transversion rate.
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Fig. 3-4: Strict consensus tree obtained from 18 MP trees (TL = 1661; CI = 0.4889; HI = 0.5111)
based on the concatenated data set from animals sampled in all 25 sites and GenBank sequences from
all known species (in italic). Numbers above branches are the bootstrap values for MP and ML. Only
values >50% down to the terminal clade level are shown. Names of the samples (as in Table 3-2) are
indicated at the tree tips with the abbreviation of the site (after first hyphen) and the IRS (after second
hyphen) when given. Terminal clades, subclades and clades are shown right of the tree. M. griseoruf:
M. griseorufus; M. si: M. simmonsi; M. ruf: M. rufus; M. be: M. berthae; M. le: M. lehilahytsara
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Fig. 3-5: A majority-rule consensus of trees sampled after attaining stationarity in Bayesian analysis
applying three different models for each partition of molecular data. Labels are the same as in Fig. 3-4.
Posterior probabilites >0.50 are shown above branches. Terminal clades are indicated on the right.
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Uncorrected pairwise differences within all terminal clades ranged from 0 to 51 bp

(Fig. 3-6). These values did not overlap with those obtained by comparing sister terminal

clades, even though the gap between these two categories was small (dotted line in Fig. 3-6).

The terminal clade with the highest internal variability was M. murinus, which Pastorini et al.

(2003) suggested to consist of several subspecies. This is also the species with the broadest

distribution. When focusing on inter-terminal clade differences, the lowest values were those

observed between M. ravelobensis and individuals from IRS II. However, these values

overlapped with those found between M. berthae and M. myoxinus. Moreover, this range did

not overlap with the ranges observed within terminal clades and therefore strongly suggests

species status for both terminal clades.

Table 3-5 lists the diagnostic sites of each terminal clade to all others. Recognized

species had between two (M. myoxinus) and 21 (M. griseorufus) sites that allowed to identify

them unmistakably. The three terminal clades containing the reddish forms of IRS II, III and

VI had three, eight and five diagnostic sites, respectively. In conclusion, the phylogenetic

relationships, the genetic distances and the diagnostic sites all suggest that each of these well

supported terminal clades reached the same taxonomic level, i.e., should be equally

recognized as species.

Table 3-5: Diagnostic sites of the three loci for each terminal clade.
Species COII Cyt b D-loop
M. murinus 124;132;168;246;336;483 659;762;833 1017;1025;1177

M. griseoruf. 172;309;312;319;381;399;480;483 539;626;812 897;920;995;1008;1093;
1116;1144;1187;1292;1296

M. ravelo. 15;111;471 1079
M. sambi. 255;282;354 569;581;738;758;830 901;1050;1084;1089;1184
M. tava. 27;162;304;306;387;417;456;459 626;734;770 967;998;1054;1074;1114
M. rufus 560;578;710;734 978
M. simm. 63;123;303;492 542;662;674;794 896;940;1023;1082;1275
M. lehilah 530 1031;1043
M. myoxinus 575;749
M. berthae 298;465 680;731;756 1177;1262
IRS II 69;201 918
IRS III 328;456 540 852;1005;1036;1056;1170
IRS VI 282;351 885;964;1217
In bold: sites of exclusive deletions.
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Fig. 3-6: Maximum, minimum and mean absolute pairwise distances for different categories of
samples. N = number of comparisons.

Deeper splits in the trees had less support and could differ between methods. However,

as the MP method (Fig. 3-4) gave the highest bootstrap values, it will be considered in more

detail in the following. This tree depicted a very early subdivision into two clades that

correspond to the reddish forms and grayish forms (bootstrap values of 100). The grayish

forms included GenBank sequences of M. murinus and M. griseorufus that each form their

own terminal clade. Four of our own sequences appeared in the M. murinus terminal clade.

They came from individuals sampled in four different sites from three IRSs (0, Ia and II).

Within the reddish clade, a further deep subdivision into two subclades was apparent

(bootstrap value of 69). We named these subclades A and B. Subclade A and B contained

eight and three terminal clades, respectively. When examining each terminal clade of the

reddish forms, it became evident that most wide rivers act as important genetic barriers. For

instance, all three populations with reddish individuals from IRS Ia clustered with the
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reference sequence of M. ravelobensis in the subclade B. This is not surprising, as this species

was first described in the Ankarafantsika National Park (Zimmermann et al. 1998), which is

also situated in IRS Ia. However, the distribution of M. ravelobensis was previously thought

to extend further north (Randrianambinina et al. 2003) which is no longer supported. IRS II

and IRS III each contained distinct reddish forms. In IRS VI, two sites were visited, one in the

Integrated Nature Reserve of Lokobe on the island of Nosy Be and one on the mainland. The

sequences obtained from those sites fell together in one distinct but undefined terminal clade

of subclade A. Finally, the sequences of the three sampled sites in IRS VII formed a further

terminal clade that includes the reference sequence of M. tavaratra. This confirmed that the

distribution of this species is limited to the northern tip of Madagascar. We also found two

cases, in which wide rivers do not represent species borders. First, the reddish forms that were

caught in IRS 0 and IRS Ib belonged to the species M. myoxinus. Until now, M. myoxinus was

only known to occur further south (Rasoloarison et al. 2000). Therefore, our findings

extended the distribution of this species north-eastwards beyond the river Betsiboka. Second,

the sequences from sites visited in IRS IV and in IRS V grouped together with the reference

sequence of M. sambiranensis. So far, this species was known to occur only in the

Manongarivo Special Reserve (Rasoloarison et al. 2000). Based on this study, the distribution

of M. sambiranensis has to be extended to the south, covering two IRSs, separated by the

river Andranomalaza.

The four remaining terminal clades in subclade A represented species that do not occur

in north or northwestern Madagascar but have been included for comparative reasons. One of

these is a sequence from an individual sampled in Mantadia on the east coast. Once again, no

reference sequence appeared in the same clade. However, in the tree based on the Cyt b only,

it clustered together with the newly described M. lehilahytsara. The holotype of this species

(Kappeler et al. 2005) comes from Andasibe, which is geographically close to Mantadia.

When comparing the COII sequences, our samples from Mantadia also clustered with that

from M. sp. nova 2 of Louis et al. (2006) that was sampled in the same place. So

M. sp. nova 2 corresponds to M. lehilahytsara. In the concatenated data, M. rufus,

M. simmonsi and M. berthae all formed separate terminal clades.
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3.4.2 Morphometry

The MANOVA yielded significant differences in the variable body length for the factors sex,

species and their interaction. Similarly, intraorbital distance was significantly different

between species and sex. Therefore, these variables were excluded from further analysis. All

other variables showed only significant differences for species (Table 3-6).

Post-hoc testing revealed that hind foot length was significantly different in 29 of the 36

possible pairs of species and thereby the most distinct variable, followed by lower leg length

(26/36), tail length (26/36), head length (23/36), ear length (22/36), ear width (20/36), snout

length (20/36), head width (17/36), 3rd toe length (16/36), and interorbital distance (10/36).

The mean and standard deviation of each variable for the nine captured species is given in

Table 3-6. The species from north and northwestern Madagascar are arranged according to

their geographic origin (from left to right: west to east). Significant differences between

geographically neighbouring species are indicated by bold separation lines. These ranged

from two (IRS II↔IRS III) to 10 (IRS III↔M. sambiranensis) variables.

A discriminant analysis used nine of the 10 variables for model calculation, leaving out

only 3rd toe length. Eight functions were computed explaining a significant part of the

morphometric variability between the nine species (Wilk’s λ = 0.026; F(72,2683) = 30.6;

p<0.001). Table 3-7 shows the classification matrix, with correct classification in 76.4% of all

cases. The discrepancies between the classification accuracies were high. At one extreme, all

M. lehilahytsara were classified correctly and very few mistakes were made in the case of

M. murinus. At the other extreme, only 37.8% of the specimens from IRS II were recognized

as such. Here, most misclassifications were made with M. ravelobensis and the individuals

from IRS III. M. tavaratra was also mistaken for M. ravelobensis in almost half of the cases.
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Table 3-6. Descriptive statistics (Mean±SD) of the morphometric variables for each species.
M. murinus

(N = 89)
M. myoxinus

(N = 26)

M.
ravelobensis

(N = 101-133)

IRS II
(N = 37-38)

IRS III
(N = 72-76)

M. sambi-
ranensis
(N = 28)

IRS VI
(N = 17)

M.tavaratra
(N = 31-33)

M.lehila-
hytsara
(N = 33)

MANOVA
species results

(F,p)
Ear length 21.66±1.99 18.82±2.39 22.16±1.92 21.90±1.83 22.56±1.53 17.40±2.20 19.81±1.07 21.58±1.45 19.92±1.10 34.53  ***

Ear width 14.00±1.33 11.83±0.85 13.49±1.35 13.04±1.12 13.89±1.04 11.38±0.92 12.10±0.64 13.59±0.90 12.25±0.91 26.94  ***

Head length 34.63±1.59 35.00±1.35 35.76±1.72 36.38±1.09 37.27±1.38 33.28±1.09 35.25±2.04 35.05±1.74 33.15±1.00 31.10  ***

Head width 21.13±1.28 20.48±1.28 21.14±1.45 21.29±1.07 22.09±1.48 19.86±1.90 20.25±1.01 20.72±1.18 18.46±1.06 21.31  ***

Snout length 8.12±0.97 8.00±1.38 8.13±1.70 9.33±0.98 9.48±1.11 7.78±1.54 7.55±0.85 7.45±0.59 4.93±0.58 40.64  ***

Interorbital dist. 20.58±0.98 20.84±1.12 19.95±1.22 20.34±1.14 21.55±1.20 20.17±1.24 21.06±1.14 20.79±1.29 20.04±0.67 13.60  ***
Intraorbital dist. 7.33±0.73 6.97±0.91 6.64±1.13 7.75±0.49 7.25±0.64 6.29±0.85 6.20±0.64 5.83±0.67 5.77±0.51 25.26  ***

Lower leg length 38.47±2.37 37.27±1.28 39.94±2.15 41.43±1.72 41.72±2.48 35.13±1.51 36.14±1.60 38.98±1.60 35.62±1.28 50.00  ***

Hind foot length 22.48±1.14 21.70±1.38 23.54±1.23 25.45±1.09 25.43±1.05 20.60±0.86 21.38±1.06 22.45±0.93 20.18±1.06 108.20  ***

Third toe length 8.42±0.68 8.50±0.86 8.41±1.14 8.88±0.51 9.44±0.96 8.42±1.39 8.24±0.58 9.18±0.77 7.06±0.61 18.74  ***

Tail length 130.81±6.15 141.50±8.27 155.48±7.57 157.11±8.54 160.97±8.77 138.00±5.71 155.29±9.02 158.33±6.56 116.06±4.12 188.6  ***
Body length 87.63±5.80 78.08±7.04 84.02±8.52 86.95±7.10 81.69±23.17 43.20±34.44 78.53±6.32 79.55±7.01 70.67±4.86 35.36  ***
Body mass 53.16±6.87 45.23±7.02 51.82±11.14 53.76±8.86 62.80±12.23 40.43±6.98 57.76±15.32 51.73±8.38 not available
Body mass is given in grams and all other variables in mm. Bold variables: variables with significant differences only among species; italic variable: seasonally
varying variable not taken into consideration for the MANOVA; bold lines: indicate significant differences for that variable between the two species the line
separates; *** p<0.001.
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Table 3-7. Classification matrix obtained from the discriminant function analysis.
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M. murinus 95.51 85 0 2 0 0 0 0 0 2
M. myoxinus 58.33 0 14 3 0 0 3 2 1 1

M. ravelobensis 75.57 4 1 99 5 15 0 0 7 0
IRS II 37.84 2 0 11 14 10 0 0 0 0

IRS III 74.65 1 0 8 9 53 0 0 0 0
M. sambiranensis 85.71 0 3 0 0 0 24 1 0 0

IRS VI 88.24 0 0 1 0 0 1 15 0 0
M. tavaratra 48.39 0 0 14 0 0 0 2 15 0

M. lehilahytsara 100.00 0 0 0 0 0 0 0 0 33
Total 76.36 92 18 138 28 78 28 20 23 36

Rows: Observed classifications; Columns: Predicted classifications; grey shade: correct classification

3.5 Discussion

3.5.1 Evidence for three new species

Many studies have shown that molecular methods, such as the ones used here, are reliable

tools to understand the diversity and phylogeny of lemur genera (Pastorini et al. 2003; Roos et

al. 2004; Yoder et al. 2005; Andriaholinirina et al. 2006). In order to see if the models of

speciation proposed by Martin (1972, 1995) and Wilmé et al. (2006) can be applied to

Microcebus species, we conducted a comparative molecular study of all known mouse lemur

species and samples obtained from sites covering north and northwestern Madagascar. We

found that each described species cluster in a distinct and well supported terminal clade.

Furthermore, three additional terminal clades, without reference sequences, could be

identified. They all contained reddish forms. The terminal clade from the individuals in

IRS VI probably corresponds to M. sp. nova 4 proposed by Louis et al. (2006), as their

samples also came from Nosy Be. Unfortunately, we have sequenced different loci in our

studies and a comparison was therefore not possible. Five lines of arguments support the fact

that the three new mouse lemur taxa should be considered separate species.
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First, the absolute pairwise distances detected within these undefined terminal clades

corresponded to intra-specific distances observed in the well-accepted mouse lemur species.

Second, the absolute pairwise distances between individuals of these three undefined

terminal clades and individuals of sister clades reached the inter-specific level. This was

clearly the case for individuals of IRS III and IRS VI. Individuals stemming from IRS II were

more of a borderline case. As it is, the gap between intra- and interspecific genetic distances is

decreasing in size. However, it should be taken into account that geographic distances

between sampling sites diminished as well. With decreasing geographic distances between

sampling sites, the tree currently contains more closely related species than before and inter-

specific distances could therefore be expected to decrease.

Third, each of these species had molecular diagnostic sites. It can be considered a

problem that the number of these will inevitably decrease with increasing numbers of

individuals within a species and/or increasing numbers of species being sampled. This reality

is becoming a challenge for scientists arguing that DNA barcoding is solving problems in

species identification and discovery (e.g. Meyer and Paulay, 2005). Under the phylogenetic

species concept (PSC) (Platnick 1979; Cracraft 1983; Nixon & Wheeler 1990), however,

fixed molecular differences among parapatric populations are thought to indicate the existence

of species barriers. In many studies similar to ours (e.g. Wyner et al. 1999; Ravaoarimanana

et al. 2004), the PSC was favored. We found that each terminal clade had 2-21 diagnostic

sites.

Fourth, the sampling sites depicted that the new species occupy well-defined

distributions between major rivers.

Fifth, morphometric data showed that a minimum of two variables differed significantly

between species of neighbouring IRSs. Yoder and Yang (2004) already emphasized that it is

surprising to find a nearly uniform morphology among mouse lemur species. Other lemur’s

clades of similar evolutionary age show many more differences (e.g. Eulemur), suggesting a

discrepancy in the rate of morphological evolution that could correlate with nocturnal vs.

diurnal lifestyle (Yoder and Yang 2004).

Certainly, further genetic (based on nuclear DNA), morphometric (cranial and dental

measurements), behavioural, ecological and acoustical studies should be conducted to better
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characterise these new species. A description of each new species is provided below. Distinct

features in comparison to their respective reddish geographic neighbours are emphasized.

3.5.2 Description of the new species

Microcebus bongolavensis, new species (Fig. 3-7A)

• Holotype

051y04bibo, adult male captured in Ambodimahabibo on August 1, 2004 by G.O.

• Material

Tissue and hair samples, morphometric measurements as well as pictures of head, body

and tail are stored at the Institute of Zoology of the University of Veterinary Medicine

Hannover in Germany.

• Type locality

Madagascar, Province of Mahajanga, a forest fragment (S15°29’54’’; E47°28’47’’)

belonging to the village Ambodimahabibo near Port-Bergé.

• Paratypes

a) 059y04bibo, adult male captured in Ambodimahabibo. The first capture was August

10, 2004 by G.O. On that occasion, the same kind of material as for the holotype was

collected and the animal was released the same evening. Only when we had

determined that it was a new species, was it caught, again, May 11, 2006 by S.R. and

D.R. It was recognized based on the individual ear markings and the sequence of the

D-loop. The carcass of this animal is kept as paratype and is stored at the Institute of

Zoology of the University of Veterinary Medicine Hannover in Germany.

b) 001y06bibo, adult male captured in Ambodimahabibo on May 07, 2006 by S.R. and

D.R. The carcass is stored at the Department of Animal Biology of the University of

Antananarivo in Madagascar. Tissue and hair samples, morphometric measurements

as well as pictures of head, body and tail are stored at the Institute of Zoology of the

University of Veterinary Medicine Hannover in Germany.

• Description

M. bongolavensis is a larger bodied reddish mouse lemur. The fur is dense, bicolored

(gray at the base and of various colors described below at the tip) and short. The color of

the head varies from individual to individual even within a population. Some, possibly

young individuals, have a uniformly rufous to brown head. Others show this color only at
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a triangularly shaped part over the eyes, with their crowns being pale grayish. Like all

other mouse lemur species, they have a distinct white stripe between the eyes. Their ears

are rufous. The dorsum is maroon with an orange tinge and sometimes shows a faint

dorsal line. The tail is the same color as the body, although the pilosity changes from

being short and dense (proximal part) to being longer and scarcer at the tip. The ventrum

is of creamy-white coloration. The hands and feet, although poorly haired, are the same

white as between the eyes.

• Diagnostics

The sequenced mtDNA of M. bongolavensis has three diagnostic sites, two of them in the

partial COII and one in the partial Cyt b. The two reddish neighbouring species are

M. ravelobensis and M. danfossi. It is difficult to distinguish these three species by

conspicuous pelage or morphological differences, in the field, so that they can be

considered as cryptic. However, some morphometric variables and genetic differences

allow one to distinguish them. M. bongolavensis differs from M. ravelobensis in 4.83% of

the so far sequenced mtDNA and in the variables snout length (p<0.001), lower leg length

(p = 0.007) and hind foot length (p<0.001). These three measurements are significantly

larger in M. bongolavensis than in M. ravelobensis. M. bongolavensis differs from

M. danfossi in 8.02% of the so far sequenced mtDNA and in the variable ear width

(p = 0.015), and interorbital distance (p<0.001). These two measurements are

significantly smaller in M. bongolavensis than in M. danfossi.

• Distribution

This species has been captured in three forest fragments lying between the rivers

Mahajamba and Sofia, which therefore correspond to the southern and northern limits of

its distribution, respectively. The Mozambique Channel and the Central Highland Plateau

are the western and eastern limits.

• Notes on Conservation Status

Presently, this species occurs in no protected area. Considering the small distribution and

the rate of deforestation in Madagascar, it is urgent to create protected areas between the

rivers Mahajamba and Sofia. We suggest the Bongolavo Forest, which is the only bigger

forest fragment left there.
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• Etymology

M. bongolavensis is named after the Bongolova mountain range. The latter is covered by a

dense primary forest that shelters what might be the last large and viable population of

this new species. By naming the species after this geographic formation, we hope to

promote conservation efforts.

• Vernacular Name

Bongolava mouse lemur or microcèbe du Bongolava

Microcebus danfossi, new species (Fig. 3-7B)

• Holotype

038y04koa, adult male captured in Marasakoa (S15°15’42’’; E48°17’57’’) on July 16,

2004 by G. O.

• Material

Tissue and hair samples, morphometric measurements as well as pictures of head, body

and tail are stored at the Institute of Zoology of the University of Veterinary Medicine

Hannover in Germany.

• Type locality

Madagascar, Province of Mahajanga, a forest fragment (S 14°56’29’’; E 47°42’44’’)

belonging to the village Ambarijeby (between Analalava and Antsohihy).

• Paratypes

a) 010y04jeby, adult male captured in Ambarijeby. The first capture was May 28, 2004

by G.O. On that occasion, the same kind of material as for the holotype was collected and

the animal was released the same evening. Only when we had determined that it was a

new species, was it caught again October 23, 2005 by G.O. and D.R. It was recognized

based on individual ear markings and the D-loop sequence. The carcass of this animal is

kept as paratype and is stored at the Department of Animal Biology of the University of

Antananarivo in Madagascar. Tissue and hair samples, morphometric measurements as

well as pictures of head, body and tail are stored at the Institute of Zoology of the

University of Veterinary Medicine Hannover in Germany.
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b) 003y06zany, adult female captured in Ankozany (S14°32’16’’; E48°12’32’’), May 16,

2006 by S.R. and D.R. The carcass, tissue and hair samples, morphometric measurements

as well as pictures of head, body and tail are stored at the Institute of Zoology of the

University of Veterinary Medicine Hannover in Germany.

• Description

M. danfossi is a larger bodied reddish mouse lemur species. M. ravelobensis,

M. bongolavensis and M. danfossi are difficult to distinguish, especially because of the

large intra-population variations in fur coloration. The fur is dense, bicolored (gray at the

base and of various colors described below at the tip) and short. The color of the head

varies from individual to individual even within a population. Some, possibly young

individuals, have a uniformly rufous to brown head. Others show this color only at a

triangularly shaped part over the eyes, with their crowns being pale grayish. Like all other

mouse lemur species, they have a distinct white stripe between the eyes. Their ears are

rufous. The dorsum is maroon with an orange tinge and sometimes shows a faint dorsal

line. The tail is of the same color as the body although the pilosity changes from being

short and dense (proximal part) to being longer and scarcer at the tip. The ventrum is of

creamy-white coloration. The hands and feet, although poorly haired, are the same white

as between the eyes.

• Diagnostics

The sequenced mtDNA of M. danfossi has eight diagnostic sites, two of them in the

partial COII, one in the partial Cyt b and five of them in the D-loop. One of the D-loop

diagnostic sites is a deletion only for M. danfossi. The two reddish and geographically

neighbouring species are M. bongolavensis and M. sambiranensis. This species is cryptic

and very similar to M. bongolavensis. However, it can easily be distinguished from

M. sambiranensis. M. danfossi differs from M. bongolavensis in 8.02% of the so far

sequenced mtDNA and in the variables ear width (p = 0.015), and interorbital distance

(p<0.001). These two measurements are significantly larger than in M. bongolavensis.

M. danfossi differs from M. sambiranensis in 8.74% of the so far sequenced mtDNA and

in all 10 variables considered in the MANOVA. For all of these, the values are higher in

M. danfossi than in M. sambiranensis.
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• Distribution

This species has been captured in six forest fragments, between the rivers Sofia and

Maevarano, which therefore correspond to the southern and northern limits of its

distribution respectively. The Mozambique Channel and the Central Highland Plateau are

the western and eastern limits.

• Notes on Conservation Status

Presently, this species occurs in two protected areas: the Special Reserve of Bora and the

forest of Anjiamangirana I. Both are small and have very little infrastructure to implement

efficient protection. As a consequence, the forest of Bora is already highly degraded and

animals are difficult to find (Randrianambinina et al. 2003; Olivieri et al. 2005).

Furthermore, due to the small size, the genetic diversity within these two protected areas

could be too low to ensure the long-term survival of the species. We, therefore, propose to

reinforce the infrastructure and protection in Anjiamangirana I and establish another

protected zone.

• Etymology

The species’ name is dedicated to Danfoss in recognition of their support for scientific

research and nature conservation in Madagascar.

• Vernacular Name

Danfoss’ mouse lemur or microcèbe de Danfoss.

Microcebus lokobensis, new species (Fig. 3-7C)

• Holotype

03y02lok, adult male captured in the Integrated Nature Reserve of Lokobe on Dezember

4, 2002 by B.R. and S.R.

• Material

Tissue and hair samples, morphometric measurements as well as pictures of the whole

body including the tail are stored at the Institute of Zoology of the University of

Veterinary Medicine Hannover in Germany.
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• Type locality

Madagascar, Province of Mahajanga, from the forest fragment near the village of

Ampasimpohy (S13°23’24’’; E48°20’31’’) which is the border of the Integrated Nature

Reserve of Lokobe on the Island of Nosy Be.

• Paratypes

a) 004y06oka, adult male captured in Manehoka (S13°25’49’’; E48°47’51’’) on May 18,

2006 by S.R. and D.R. The carcass, tissue and hair samples, morphometric measurements

as well as pictures of head, body and tail are stored at the Institute of Zoology of the

University of Veterinary Medicine Hannover in Germany.

b) 005y06oka, adult male captured in Manehoka (S13°25’49’’; E48°47’51’’) on Mai 20,

2006 by S.R. and D.R. The carcass of this animal was kept as paratype and is stored at the

Department of Animal Biology of the University of Antananarivo in Madagascar. Tissue

and hair samples, morphometric measurements as well as pictures of head, body and tail

are stored at the Institute of Zoology of the University of Veterinary Medicine Hannover

in Germany.

• Description

M. lokobensis is a small-bodied reddish mouse lemur species. The fur is dense and short.

The color of the head is uniformly rufous. It has a distinct white stripe between the eyes,

which is more limited than in other mouse lemurs. The ears are rufous. The dorsum is

rufous to brown and sometimes shows a faint dorsal line. The coloration of the tail

changes gradually from rufous brown (proximal part) to dark brown at the tip. Hairs are

longer and scarcer at the tip. The ventrum is of creamy-white coloration. The hands and

feet, although poorly haired, are gray or white.

• Diagnostics

The sequenced mtDNA of M. lokobensis has five diagnostic sites, two of them in the

partial COII and three of them in the D-loop. The two reddish geographically

neighbouring species are M. sambiranensis and M. tavaratra. It is possible to distinguish

these three species by morphometric and genetic differences. M. lokobensis differs from

M. sambiranensis in 5.81% of the so far sequenced mtDNA and in the variables ear

length (p<0.001), head length (p<0.001) and tail length (p<0.001). All of these variables

are larger in M. lokobensis. Between M. lokobensis and M. tavaratra, the genetic distance
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of the, so far, sequences loci is of 7.29% and differences are significant between the

variables ear length (p = 0.025), ear width (p<0.001), lower leg length (p<0.001) and

3rd toe length (p<0.001). M. tavaratra has higher values for these 4 variables.

• Notes on Conservation Status

Presently, this species occurs only in one protected area that is situated on the Island of

Nosy Be and is called the Integrated Nature Reserve of Lokobe. The infrastructure of the

Park is impressive and the local population is also involved, not at last thanks to the many

tourists. Unfortunately, the surface covered by this Reserve is small, so that it is doubtful

that it can assure the long-term survival of the species. We, therefore, argue that another

Reserve is needed on the mainland.

• Etymology

M. lokobensis is named after the Integrated Nature Reserve of Lokobe on the Island of

Nosy Be. We hope that this name will help to further maintain the conservation effort in

the Reserve.

• Vernacular Name

Lokobe mouse lemur or microcèbe de Lokobe.

A B C
Fig. 3-7: Heads of A) M. bongolavensis (photo: G. O.), B) M. danfossi (photo: G. O.), and
C) M. lokobensis (photo: B. R.).
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3.5.3 Biogeography of mouse lemurs

Six of the eight wide rivers of northwestern and northern Madagascar act as complete genetic

barriers for the reddish forms. These findings support the model proposed by Martin (1972,

1995), even though the level of subdivision is much more finely grained than formerly

postulated. Martin himself pointed out that the subzones are not fixed or exclusive and might

need further subdivision. Whereas he identified four subzones in western to northern

Madagascar, we found evidence for seven zones in north and northwestern Madagascar alone.

This reveals a previously unknown species’ diversity in the small nocturnal mouse lemurs.

Three findings of our study deviate from the general pattern that wide rivers act as the only

species barriers for reddish forms. They deserve specific consideration.

First, one wide river, the Andranomalaza is not a species barrier for mouse lemurs. This

surprising observation, however, can be explained by the specific geographical settings in this

region. The Andranomalaza can probably be crossed by mouse lemurs close to its source,

which is not as far inland and elevated as in the case of the other rivers. This result partly

supports the Wilmé et al. (2006) model.

Second, the Betsiboka river also seems to be permeable for one of the reddish forms

(M. myoxinus) at its source, as it can be found in IRS 0 as well as in IRS Ib. M. myoxinus also

occurs further south covering an area that is subdivided by at least four wide rivers. This

indicates that wide rivers do not seem to be a barrier for this species in general, a finding that

is not sufficiently understood so far. The Kamoro River, which is the barrier between IRS Ia

and Ib, currently connects the Mahajamba to the Betsiboka. Historically, however, it used to

have an independent source and flowed towards the Betsiboka. The capture of the Mahajamba

by a tributary of the Kamoro occurred after the last cold period of the ice age (Battistini,

1959). However, the phylogenetic spilt between M. myoxinus and M. ravelobensis is older

(Kappeler et al., 2005), so the two species might have been in contact at that geographically

limited place. It would be of interest to sample mouse lemurs in that region.

Third, the distribution of M. lokobensis extends to the Island of Nosy Be and therefore

crosses a stretch of at least 12 km of water. This suggests that this off shore island is either a)

younger than the ancestral M. lokobensis, b) has recently been connected to the mainland or c)

that the animals have been introduced there by humans. Nosy Be is part of an archipelago of

several islands (e.g. Nosy Komba), many of which are volcanic (Melluso & Morra 2000).
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Available radiometric ages for this formation are scarce and vary between 10.2 and 7.3

Million years (Emerick & Duncan 1982). A study by Yoder and Yang (2004) estimates the

origins of the mouse lemur clade to be between 12.0 and 8.7 Ma. As M. lokobensis needs to

be younger than that, the first scenario mentioned above is highly unlikely. The second

scenario is more realistic as Nosy Be, Nosy Komba, and the mainland could have been linked

by more volcanic centres that are now buried and eroded. Moreover, when considering the sea

level movements during the last Million years, it is probable that there was a continuous land

connection at some time after the formation of Nosy Be (Melluso, pers. comm.).

Unfortunately, no exact dates and details for the sea level movements are known to us, so that

it is not possible to conclude if M. lokobensis could have crossed during these events.

Pastorini et al. (2003) showed with genetic data that the lemurs of the Comoro Islands were

brought there by humans at some time within the past several hundred years. It can, therefore,

not be excluded, that the same may have happened at Nosy Be, to which humans commute far

more often.

At first glance, the model of Wilmé et al. (2006) predicts the distribution of reddish

forms less accurately than the model of Martin (1995). For example, our findings in IRS VII

do not follow their expectations. In their model, two centers of endemism (1 and 12, Fig. 3-2)

are expected in IRS VII, due to watersheds. However, we find that M. tavaratra is distributed

across both. Furthermore, Wilmé et al. (2006) only predict one center of endemism (9, Fig. 3-

2) between the rivers Betsiboka and Maevarano. In contrast, we found four reddish species

occuring there. We hypothesize that even if no other rivers were flowing in that area during

the arid periods of the ice age, gene flow would still have been hindered by the dry and

unforested riverbeds of the Mahajamba and the Sofia. Consequently, what Wilmé et al. (2006)

considered to be one center of endemism needs to be subdivided into four centers for small

bodied animals such as mouse lemurs. Wilmé and Callmander (2006) also tried to explain the

distribution of Propithecus spp., which are larger than mouse lemurs in size, with the Wilmé

et al. (2006) model. Their results fit the expectations better, although not fully. As the authors

say themselves, more research needs to be done, in order to thoroughly test this model.

In the following, we want to discuss our findings in view of an extended biogeographic

hypothesis that may reconcile current findings and alternative speciation scenarios.
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The phylogenetic reconstructions in this study not only revealed a high and unexpected

species diversity of mouse lemurs but also two interesting deep phylogenetic splits within this

genus. Besides the basic dichotomy of grayish forms and reddish forms that has already been

shown in previous studies (Rasoloarison et al. 2000; Yoder et al. 2000; Pastorini et al. 2001;

Yoder et al. 2002), another deep split within the reddish forms into subclade B

(M. ravelobensis, M. bongolavensis and M. danfossi) and A (the remaining reddish species)

was detected. Our phylogenetic trees suggest that subclade B evolved early after the split,

corresponding to an early colonization of northwestern Madagascar by its common ancestor.

According to Kappeler et al. (2005), M. ravelobensis and the other reddish forms separated

8.8 Ma, which gives a preliminary time frame for this event. The river Betsiboka and

Maevarano may then have acted as genetic barriers that continuously isolated subclade B

from subclade A.

In contrast to the reddish forms, all captured grayish individuals clustered with the

species M. murinus, regardless of which IRSs they came from. M. murinus has the largest

distribution of all mouse lemur species. Consequently, it is not surprising that it is the species

with the highest intraspecific genetic variability. Pastorini et al. (2003) already described an

elevated genetic distance between M. murinus from Ankarafantsika and those from Kirindy

and argued that this could indicate the existence of two different subspecies along the west

coast. This was further confirmed by regional acoustic differences, quite distinct from those

between species (Hafen et al. 1998; Zietemann et al. 2000; Zimmermann et al. 2000; Braune

et al. submitted). The other species belonging to the grayish forms, M. griseorufus, also has a

wide distribution, ranging at least from the Beza Mahafaly Special Reserve to the Berenty

Private Reserve in southern Madagascar (Yoder et al. 2002).

In summary, reddish forms have relatively small distributions and greyish forms have

large ones. An extension of both the Martin (1995) model and the Wilmé et al. (2006) model

may provide the basis for a possible explanation of this striking difference. The split between

the reddish and the grayish forms is known to have occurred before the beginning of the

Quaternary (Yoder and Yang 2004; Kappeler et al. 2005). Based on the current distribution

and parsimony, we propose that, at the end of the Tertiary, the grayish forms were limited to

the dry habitats of southwestern Madagascar and the reddish forms to the more humid forests

of eastern and northwestern Madagascar. During the cooler and drier periods of glaciations,
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the southwestern part of the island might have further aridified and dry forests may have

vanished completely. Therefore, the southern grey forms might have been forced to use the

forest corridors around the rivers supplied by orographic precipitations for a retreat towards

higher altitudinal zones. As they were adapted to arid conditions, they could have migrated

between the connected retreat-dispersion watersheds G, F and E (Fig. 3-2). This way, a

continuous gene flow between them would have been maintained until recent times. However,

they would have never reached the retreat-dispersion watersheds A, J and H, explaining the

absence of animals north from the Sofia today. This scenario is supported by available date

for the common ancestor of M. murinus that has been estimated to 1.4 Ma (Kappeler et al.,

2005). We furthermore hypothesize that the more humid forests of eastern and northwestern

Madagascar decreased in size, but did not vanish completely. Without the adaptations to arid

environments, the reddish forms (maybe with the exception of M. myoxinus) could not

migrate between neighbouring retreat-dispersion watersheds and were therefore trapped in

their respective centers of endemism between dried or flowing rivers. The genetic

differentiation through vicariance could have continued. If this combined model is correct, we

should still find preferences for different types of habitats in the different species today. We

would expect reddish forms to prefer mesic habitats and greyish forms to prefer more arid

environments. Preliminary results of studies addressing the question of habitat preferences in

sympatric mouse lemur species of different colour forms show that this is indeed the case

(Rendigs et al., 2003; Rakotondravony and Radespiel, 2006).

By combining elements from Martin (1995) and Wilmé et al. (2006), we propose a new

model to explain the present biogeographic distribution of mouse lemurs. It stipulates not only

rivers, watersheds and high summits should be considered, but also the ancestral distributions

and species-specific habitat preferences. We predict that similar distribution patterns should

be found in other small-bodied forest dwelling mammals.
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4 Third study

Genetic signature of recent population declines in the

endangered golden-brown mouse lemur

(Microcebus ravelobensis)

4.1 Abstract

The rich fauna and flora of Madagascar suffer from recent landscape changes that are

primarily caused by high levels of human activities. Human colonization of this land mass

only started 2 000 years ago. Nevertheless, the loss and fragmentation of forest habitat are

well known consequences of human activity. However, it remains unclear in which period of

human colonization most damage was inflicted on the forests and its inhabitants. Pollen and

charcoal profiles around historical sites suggest that early settlers may have already caused

changes in the vegetation structure. In this paper, we aim to detect genetic signatures that

correspond to these events within the endangered species Microcebus ravelobensis. Eight

sites, distributed throughout the range of this species in northwestern Madagascar, were

sampled and 15 to 59 individuals were captured per site. We sequenced the mtDNA D-loop

and genotyped eight microsatellite loci. Both types of markers showed relatively high genetic

diversity. Genetic differentiation ranged from low to high but was almost always significant.

Both the mtDNA and microsatellite data showed patterns of differentiation where genetic drift

and fragmentation seem to have played a major role. Our data revealed a demographic

collapse of at least two orders of magnitude in all sites. This event most likely started within

the last 500 years, possibly even in the last 100 years. Therefore, we showed evidence that the

first 1 500 years of human colonization did not significantly affect population sizes of these

forest dwelling animals. We hypothesize that older damage inflicted by humans to the forest

must have been geographically limited.
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4.2 Introduction

Madagascar is well-known for its extremely diverse and mostly endemic fauna and flora

(Goodman & Benstead 2003). This richness can partly be explained by the complex

topography, the long isolation from the African and Indian plates, and the geographical

location of the island (Myers et al. 2000; Yoder & Nowak 2006). The combination of these

factors has generated a wide range of climates and environments, all potential niches for

different animal species. With its extremely high levels of endemism in primates, amphibians,

reptiles, and plants it is one of the world’s highest priority areas for biodiversity conservation

(Myers et al. 2000; Goodman & Benstead 2003). At the same time, the island has suffered

major environmental modifications in the last millennia, leading to the extinction of many

species (Dewar 2003). It has been estimated that Madagascar has already lost 90% of the

primary vegetation so that landscapes are now reduced to a mosaic of fragmented forests. It is

believed that most of these changes occurred since the arrival of the first humans some 2 000

years ago, and particularly in the last century, threatening the island’s biodiversity.

Mouse lemurs, the smallest of all primates, are present throughout Madagascar

wherever suitable habitat remains (Mittermeier et al. 2006). A the beginning of the 20th

century it was believed that there were two species but recent, mostly genetic studies, have

shown that there are at least as many as 15 species (Schmid & Kappeler 1994; Zimmermann

et al. 1998; Rasoloarison et al. 2000; Yoder et al. 2000; Pastorini et al. 2001; Kappeler et al.

2005; Louis et al. 2006; Olivieri et al. 2007). Thus, mouse lemurs represent an interesting

model for studying both radiation processes, but also, unfortunately, demographic collapses

across the whole island in relation to habitat fragmentation. In order to identify potential

causes of such collapses and quantify the relative contributions of natural and anthropogenic

factors in shaping present-day patterns of genetic diversity, it is necessary to obtain data from

species whose population sizes have not decreased beyond a certain level for very long

periods. Indeed, genetic data can only be used to reconstruct past demographic changes, if at

least some diversity is retained. Mouse lemurs represent thus species of great interest as they

typically have larger population sizes than other lemurs, which could inform us on recent

demographic changes. This is crucial as the history of human impact on Madagascar is short

and most events of interest took place in the last millennia. In the present study we are

interested in fragmentation processes in northwestern Madagascar. This is a region where the
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colonization process by humans is relatively well known and the level of damage is especially

high. We quickly review the time frame of interest to this study before presenting its specific

aims.

Over the last 10 000 years the landscape of the fourth largest island of the world has

dramatically changed. Until recently it was believed that the island was covered by primary

forest before the arrival of humans (e.g. McConnell 2001) and that extensive changes in the

vegetation cover were mostly if not solely the result of human activities. However, evidence

is accumulating, indicating that the change in vegetation towards a forest-woodland-grassland

mosaic across much of Madagascar started prior to the arrival of the first human settlers (e.g.

Burney 1987a, 1999).

While Madagascar is among the last landmasses of continental proportion to have been

colonized by people, the exact dating of their arrival is difficult to establish. There is evidence

of casual visitors on Madagascar as of 250 B.C. (Burney 1987b; Gasse & Van Campo 1998)

but humans presumably settled permanently only about 2 000 years ago (Dewar & Wright

1993; Burney et al. 2004). 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). However, between ca. 1100 and 1500 A.D. there is a major

change, as settlements along the whole west coast are increasingly documented, including the

first major port of Mahilaka (Fig. 4-1), that flourished until about 1400 A.D. (Radimilahy

1997, 1998). During this period, pollen evidence and charcoal-dated sediment cores show

increased burning and a marked diminution in arboreal pollen and by about 1300 A.D., most

pollen was from grassy and bushy vegetation (Burney 1999). Sediments from other areas such

as Lake Mitsinjo indicate an increased proportion of tree species that survived in frequently

burned landscapes and of weeds associated with a disturbed ground (Matsumoto & Burney

1994). Coastal forests were virtually eliminated in some areas of the northwest but ecological

data indicate that they regenerated to some extent when human pressure diminished (Wright

& Rakotoarisoa 2003).

This process diminished in some areas, such as Mahilaka and surroundings, but during

the next 400 years (i.e. until 1900 A.D.) the overall human pressure increased, for example

around the site of Boeny (Fig. 4-1) (Kent 1970; Goedefroit 1998). Pollen evidence, again,

shows that the area was frequently burnt, and that agricultural and grassland weeds were
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common (Matsumoto & Burney 1994). Despite this increase in population density, the

process really accelerated only around the turn of the 20th century when population growth

became exponential. Estimates of population size across Madagascar suggest that it went

from 1.5 Million in 1800 A.D. to 2.75 Million in 1900 A.D. (Campbell 1989-1990) to 12

Million in 1992 A.D. to 18.6 Million in 2006 A.D.. Thus, there are good reasons to think that

fairly large areas of Madagascar were covered by intact forest well into the 20th century

(Dewar 2003), even though only 2.8% of the original western dry forest has survived into the

1990’s (Smith 1997). Consequently, what might still have been one big continuous forest

2 000 years ago in our study area is now divided up in several fragments.

In this study, we characterized the genetic diversity of one mouse lemur species

(Microcebus ravelobensis) that occurs in northwestern Madagascar. The area sampled covers

the entire distribution of M. ravelobensis. The environment of M. ravelobensis is very patchy

(Fig. 4-1), but contrary to other, and bigger, lemur species, it could be found in all fragments

that were investigated. Our aim was to see if genetic data could help us quantify and date the

events responsible for the present genetic structure of the species. To do that we (1) studied

the amount of genetic diversity within the different sites, (2) described the patterns of genetic

differentiation among sites, (3) aimed at detecting, quantifying and dating potential

demographic events, such as bottlenecks. Dating the bottleneck was done in order to

determine which one of the above mentioned four phases of human colonization (2 000-900;

900-500; 500-100; 100-0 years ago) or the phase prior to human colonization (10 000-2 000)

would appear as the most likely cause for the genetic signal.

4.3 Materials and methods

4.3.1 Samples

Samples were collected from eight sites in northwestern Madagascar (Fig. 4-1) where a total

of 246 golden-brown mouse lemurs were caught. The sites were located between the rivers

Betsiboka and Mahajamba, which define the northern and southern distribution limits of

M. ravelobensis (Olivieri et al. 2007). The geographical coordinates, the sampling year and

the number of individuals captured at each site are given in Table 4-1. Four of the sites were

located in isolated forest fragments surrounded by savannah, which varied in size from 4.0 to

36.4 km2 (Fig. 4-1 and Table 4-1). The four other sites were located in the Ankarafantsika
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National Park (NP), which is about 1 040 km2 in size. The surfaces were all calculated with

the help of satellite pictures from the year 2000, GPS coordinates taken on site, and ARC

VIEW GIS 3.3 software. Straight-line distances among sites ranged from 3.7 to 98.0 km.

Mouse lemurs were captured along trails of 1 km at night with Sherman life traps baited

with banana. Traps were controlled in the morning and ca. 2mm2 ear biopsies were taken

from each individual and preserved in Queen’s lysis buffer (Seutin et al. 1991) until

extraction. Captured animals were individually marked, in order to avoid sampling the same

individual more than once and released the same evening at the point of capture.
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Fig. 4-1: Map of northwestern Madagascar showing the sampling sites (circles), the historical site of
Mahilaka (star), other towns (squares), the major rivers and the National Park of Ankarafantsika
(yellow shade).
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Table 4-1: Names of the capture sites, abbreviation, latitude, longitude, size of forest fragment, year
of capture, name of the main investigator for the capture of the animals, number of individuals
captured, number of D-loop sequenced individuals, number of genotyped individuals and number of
individuals with both data sets.

Site Abb. Lat. Long.

Frag.
Size

(km²)
Year of
capture

Main
investigator

#
cap.
ind.

#
ind.
seq.

#
ind.
gen.

#
ind.
with
both

Mariarano Mari -15.4797 46.6956 32.6 2003 G.O. 59 59 59 59
Tanambao Tan -15.4700 46.6621 36.4 2003 G.O. 28 28 27 27
Tsiaramaso Tsia -15.8053 47.1228 4.0 2003 G.O. 15 15 15 15
Sainte-Marie Stm -16.1240 46.9530 5.4 2000/2001 U.R and K.M. 24 18 24 18
Ankoririka Anko -16.2690 47.0510 1040 2003 R.R. 33 28 23 18
Ambanjakely kely -16.1950 46.8950 1040 2004 R.R. 26 26 20 20
Jardin Botanique B JBB -16.3010 46.8120 1040 1996/2000 U.R. 29 14 17 2
Andoharano rano -16.2880 47.0140 1040 2004 R.R. 32 30 20 18

All sites 246 218 205 177
R.R.: Romule Rakotondravony; K.M.: Kathrin Marquart

4.3.2 DNA extraction and amplification

The genomic DNA was extracted from the tissue samples using the Qiagen DNeasy Tissue

Kit (Qiagen) or standard phenol/chloroform extraction techniques (Maniatis et al. 1982). For

most animals (177/246), the D-loop was sequenced and eight microsatellites were genotyped.

For the other animals, only one of these two kinds of markers was characterized: 41 were

sequenced, and 28 were genotyped (Table 4-1).

The D-loop was amplified and sequenced as indicated in Guschanski et al. (in press).

Six of the microsatellites were originally developed for M. murinus by Radespiel et al. (2001)

(Mm03, Mm07, Mm08) and by Hapke et al. (2003) (Mm30, Mm40, Mm43b). The two others

were originally described in Eulemur fulvus by Merenlender (1993) (L1) and Jekielek and

Strobeck (1999) (PS 56). The PCR reactions comprised a 10 µl reaction volume containing

2.5-20 ng genomic DNA, 10xNH4-reaction buffer (16.6 mM (NH4)2SO4, 67 mM Tris-HCl pH

8.8, 4.5% Triston X-100: Invitek, Berlin, Germany), 0.23 mM of each dNTP, 1.5-2.0 mM

MgCl2, 0.15-0.30 µM of each primer and 0.25 U Taq DNA polymerase. For Mm03, 1xPARR

buffer (Cambio Laboratories, Cambridge, UK) was used instead of the 10xNH4-reaction

buffer. If no amplification could be obtained with these standard procedures, the samples

were amplified using the Qiagen Multiplex PCR kit (Qiagen). Details of this method are

given in Guschanski et al. (in press). Each PCR set-up included a negative control to test for
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contamination. After successful PCR amplification, the microsatellite products were run on a

MegaBACE 500 (Amersham Biosciences) and gel analysis was performed using the software

Genetic Profiler 2.2. Initial repetitions of PCR showed 100% reproducibility. However, to

minimize genotyping errors, we re-amplified each homozygous sample at least twice.

4.3.3 Genetic diversity and structure

D-loop

Nucleotide diversity (π) and the haplotype diversity (Hd) were used as measures of genetic

diversity and computed with the program DNASP 4.10.4 (Rozas et al. 2003). Sites with

alignment gaps or missing data were excluded in these calculations. In order to determine

whether sample size created a bias in the estimation of genetic diversity, we performed a

simple regression with number of haplotypes as dependent variable and sample size as

independent variable.

Population structure was analyzed using different approaches. Pairwise ΦST-values 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). To determine the

distance measure that should be used between haplotypes in the calculation of ΦST-values, we

used MODELTEST 3.5mac (Posada & Crandall 1998). Using the Akaike Information

Criterion (AIC), a transversion model (TVM+I+G) with a gamma correction factor of 0.5351

was suggested as the best model. Since this model is not implemented in ARLEQUIN 3.01,

we chose the best available approximation, which was the Tamura and Nei distance method

(Tamura & Nei 1993).

In order to test for a correlation between genetic and geographic distances we performed

a Mantel test between pairwise ΦST distances and the logarithm of the corresponding

geographic distances. The significance of the correlation was assessed by means of 1 000

permutations as implemented in GENETIX 4.04 (Belkhir et al. 2000).

A hierarchical analysis of molecular variance (AMOVA) was performed to quantify and

test for population structure in the data considering two groups of populations: samples from

the NP as one group and the other samples as another. This grouping was chosen as it made

sense from an ecological point of view, even though it is not necessarily the grouping that will

maximize differentiation between groups (see below the SAMOVA 1.0 analysis). For

consistency, we assumed the same mutation model as for the calculations of the ΦST-values.



Chapter 4 Population genetics of M. ravelobensis

102

This was performed with ARLEQUIN 3.01.

In order to test if any other partition of the samples may reflect major genetic

differences, 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

maximize molecular variance as defined by Excoffier et al. (1992) between groups of

populations while minimizing variance within such groups. We let K vary between 2 and 7

and each analysis was repeated 100 times. For K = 8, the method cannot be used but an

AMOVA can be performed with only two levels of differentiation (within and among

populations) as the computations are identical. This was done with ARLEQUIN 3.01, using as

distance the pairwise differences between haplotypes, as in SAMOVA 1.0

A haplotype network based on all sequences was constructed with the program

TCS 1.21 (Clement et al. 2000) with a fixed connection limit of 30 changes, considering gaps

as a 5th character state. This software also takes into consideration missing data, which

explains why, in a few populations, TCS 1.21 defined one more haplotype than the program

DNASP 4.10.4 that excludes these sites.

Microsatellites

Genetic diversity was measured using the number of alleles per locus (nA), the mean number

of alleles per population (MNA), observed (Ho) and unbiased expected heterozygosity (He)

(Nei 1978) for each site. Linkage disequilibrium was estimated for all pairs of loci using the

correlation coefficient of Weir (1979) for each sample and for the whole data set. Departures

from linkage equilibrium were assessed with 10 000 permutations. Wright’s F statistics were

estimated according to Weir and Cockerham (1984) and their departure from the null

hypothesis was tested using 1 000 permutations. A Mantel test (10 000 permutations) based

on the logarithm of geographical distances and FST/(1- FST ) (Rousset 1997) was used to test

for isolation-by-distance. All analyses mentioned above were performed in GENETIX 4.01.

In order to detect groups of geographically homogenous populations, we used the

program SAMOVA 1.0 as described above for the D-loop data.

To assess the hidden population structure, regardless of the geographical location of

samples, we performed a Bayesian clustering approach, as implemented in the software

STRUCTURE 2.1 (Pritchard et al. 2000). This method uses a MCMC approach to group
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individuals into K populations, based on their genotypes, and without prior information of the

sampling site. We performed the analysis for K values between 1 and 9, and for each K value

we performed 20 runs with 104 iterations following a burn-in of 104 steps. Preliminary tests

showed that these runs had reached stability. We used the model with admixture were a

Dirichlet prior D(α,…, α) with K parameters is used to model the relative contributions of the

K populations. A uniform prior was used for alpha with a maximum of 10.0. The initial alpha

value was set to α = 1.0 and the SD of the proposal for updating to 0.025. Allele frequencies

were assumed to be correlated among populations. The values of FST were assumed to be

different for different subpopulations, with prior means of FST for different populations of

0.01 and prior SD of FST for populations of 0.05. This method also uses a parameter, lambda,

related with the allele frequency distributions. Initial lambda values were set equal to the

mean lambda values inferred from 20 runs with K = 1, as suggested by the authors in the

manual. When STRUCTURE 2.1 is run on certain data sets, experience shows that, for some

K values, it can produce results where all individuals appear to have exactly the same

posterior probability of being assigned to a given cluster as the prior. These runs were

discarded from the analysis. The remaining runs were used to choose the most likely K,

according to the two criteria of Prichard et al. (2000) (LnP(D)) and Evanno et al. (2005) (∆K).

4.3.4 Inferences of past demography

D-loop

Two summary statistics that are known to be affected by demographic events such a

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

changes in population size. Significance of these statistics were assessed using 10 000

coalescent simulations based on the observed number of segregating sites in each sample as

implemented in ARLEQUIN 3.01.

Microsatellites

To determine if there have been any changes in effective population size, three different but

complementary approaches were used, as in Goossens et al. (2006). 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 (nA) and the expected heterozygosity (He).

Three mutation models were used: the infinite allele model (IAM), the single stepwise model
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(SSM) and the two-phase model (TPM) with 30% multi-step mutation events. A Wilcoxon

sign-rank test was used as implemented in the BOTTLENECK 1.2.02 software (Cornuet &

Luikart 1996) to test for departure from equilibrium.

The second (Beaumont 1999) and third (Storz & Beaumont 2002) methods that were

used are 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, assumes that a stable population of size N1 started to decrease or

increase ta generations ago to the current population size N0. The change in population size is

assumed to be either linear or exponential, and mutations are assumed to occur under a SMM,

with a rate θ = 2N0µ, where µ is the locus mutation rate per generation. Based on these

assumptions, it is possible to estimate the posterior probability distribution of (1) r = N0 / N1

(rate of population size change) (2) tf = ta / N0 (time since population started changing in size

scaled by N0), and (3) θ = 2N0µ. 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, N0 and N1 cannot be estimated independently. Similarly, it

can only approximate ta as a time scaled by N0, which is itself unknown.

The Storz and Beaumont (2002) method implemented in MSVAR 1.3 overcomes these

problems as it quantifies the effective population sizes N0 and N1 and the time T (in

generations) since the population size change. In this model, prior distributions for N0, N1, T

and µ are assumed to be lognormal. The means and standard deviations of these prior

lognormal distributions are themselves drawn from priors (or hyperpriors) distributions.

For both the Beaumont (1999) and the Storz and Beaumont (2002) methods, at least

three independent runs were performed for each population, using different parameter

configuration, starting values and random seeds. The values we used for the different priors

and the length of each MCMC are given in Appendix 4-1. The first 10% of the updates (or

burn-in) were discarded to avoid bias in parameters estimation due to starting conditions.

Convergence of the three different chains was visually checked and tested using the Gelman-

Rubin (1992) statistic.

In order to determine which of the five periods mentioned in the introduction (10 000-

2 000; 2 000-900; 900-500; 500-100; 100-0 years ago) was most likely associated with a

bottleneck signal, we used an approach based on bayes factors (BFs). BFs assess the weight
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of evidence of alternative hypotheses, say of H1 over H2, by comparing the ratio of their

posterior densities to the ratio of their prior densities. A BF of one indicates that the two

hypotheses are equiprobable, whereas values greater than 1 would favor H1 and values lower

than one would favor H2. BFs greater than four (i.e. smaller than 0.25) indicate positive

evidence and BFs greater than seven are considered significant (e.g Storz & Beaumont 2002).

In our case, we were interested in comparing the weight of evidence favoring the different

time periods. This was done as follows. First, we tested whether the decrease started before or

after the start of the different periods. In particular we were interested in determining whether

it started before or after the arrival of humans 2 000 years ago. Then, we tested whether the

decrease was more likely to have started in any specific period compared to the set of all the

other periods put together.

4.4 Results

4.4.1 Genetic diversity and population structure

D-loop

We found between one and eight haplotypes per site (Table 4-2) (sequences available upon

request). The site with no diversity was Tsiaramaso, where 15 identical D-loop sequences

were obtained. When omitting this site, Hd and π varied between 0.111 - 0.880 and 0.0002 -

 0.0410, respectively. The number of haplotypes did not correlate strongly with sample size

(R2 = 0.35, p = 0.12) but the two very small forest fragments, Tsiaramaso and Ste-Marie, had

the lowest values for all three measures of genetic diversity.

Pairwise ΦST-values were high and significant, ranging between 0.103 and 0.992

(Table 4-3). The values between populations within the NP (N = 6, mean

ΦST = 0.349 ± 0.197) were significantly lower than the others (N = 22, mean

ΦST = 0.570 ± 0.210) (Mann-Whitney U Test: U = 23.00, p = 0.016). The Mantel test showed

that there was a significant correlation between ΦST-values and geographical distance

(Z = 137.73, Pearson coef. R = 0.35, p = 0.035). The results from the AMOVA (Appendix 4-

2) revealed that the amount of molecular variance among populations within each group was

nearly as high as the variance within populations (46.8% vs. 52.2%) indicating a huge amount

of differentiation. However, the variance between the two groups (NP vs. forest fragments)



Chapter 4 Population genetics of M. ravelobensis

106

was very low (0.93%) and not significant, suggesting that the two groups are not highly

differentiated from each other, compared to the differentiation between populations.

The results of the SAMOVA analysis (Table 4-4) showed that all the groupings found

for the different K values are consistent in exhibiting a high level of genetic differentiation.

While some populations appeared often together in different groupings this did not seem to

reflect any obvious and simple geographical connection. For instance, Tanambao and JBB

were always in the same group even though they are geographically extremely distant.

Another result of the SAMOVA analysis was that the amount of variance among groups

increased as the number of groups increased, with a maximum and much higher value when

K = 8. This result suggests that differentiation between the different populations was so high

that no grouping based on geographical proximity could be clearly identified despite the

significant Mantel test.

We found that the 218 sequences grouped in 37 different haplotypes. There were only

two haplotypes that were not unique to a site. In both cases, the haplotypes were shared

between the sites Andoharano and Ambanjakely, both located in the NP. The haplotype

network (Fig. 4-2) showed no apparent geographic structure, confirming the SAMOVA 1.0

results. Haplotypes from one site were not necessarily closer to each other than to haplotypes

from other sites. Neither were all the haplotypes from the NP grouped together.

Table 4-2: Genetic diversity measures for D-loop sequences for each sampling site and inference of
demographic events based Tajima's D, and Fu's Fs test.

Site # TCS #
DNASP Hd±SD π±SD Tajima's D Fu's Fs

Mari 9 8 0.656±0.040 0.0270±0.0013 1.804* 15.661**
Tan 3 3 0.330±0.108 0.0071±0.0031 -0.831 7.034*
Tsia 1 1 0.0 0.0 - -
Stm 2 2 0.111±0.096 0.0002±0.0002 -1.165 -0.794

Anko 3 3 0.542±0.086 0.0124±0.0039 -0.841 8.404**
kely 8 8 0.618±0.106 0.0148±0.0048 -0.891 3.300
JBB 5 5 0.758±0.084 0.0330±0.0036 1.536* 8.354**
rano 8 8 0.880±0.026 0.0410±0.0035 1.049 12.462**

All sites 37 35 0.936±0.006 0.0347±0.0010 0.768 3.581
#  TCS: number of haplotypes according to TCS 1.21; #  DNASP: number of haplotypes according to
DNASP 4.10.4; Hd: Haplotype diversity; π: nucleotide diversity; *: p<0.05; **:p<0.01; ***:p<0.001
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Table 4-3: Estimated pairwise FST (above diagonal) and pairwise ΦST (below diagonal)

Φst 
 Fst Mari Tan Tsia kely rano Anko JBB Stm

Mari  0.052 0.136 0.066 0.060 0.099 0.156 0.108
Tan 0.339  0.099 0.067 0.065 0.090 0.134 0.066
Tsia 0.573 0.885  0.067 0.049 0.053 0.101 0.100
kely 0.478 0.699 0.468  0.018 0.035 0.060 0.052
rano 0.275 0.376 0.378 0.303  0.006 NS 0.045 0.030
Anko 0.454 0.739 0.850 0.696 0.268  0.058 0.055
JBB 0.339 0.568 0.552 0.408 0.103 0.317  0.081
Stm 0.496 0.868 0.992 0.560 0.325 0.833 0.499  

NS: non significant (P>0.05)
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Table 4-4: SAMOVA 1.0 results for both markers. Parentheses indicate which sites were grouped together for each K.
Percentage of variation

K Marker Groups
Among
groups

Among
pop

Within
pop ΦST / FST Φsc / Fsc Φct / Fct

2 (Mari,Tsia,Tan,rano,JBB) (Anko,kely,Stm) 22.65 31.90 45.45 0.54550 * 0.41243 * 0.22646 *
3 (Mari,Tsia) (Tan,rano,JBB) (Anko,kely,Stm) 25.70 25.74 48.56 0.51442 * 0.34642 * 0.25704 *
4 (Mari,Tsia) (Tan,rano,JBB) (Anko,kely) (Stm) 26.48 24.49 49.03 0.50970 * 0.33310 * 0.26481 *
5 (Mari,Tsia) (Tan,JBB) (rano) (Anko,kely) (Stm) 27.61 22.84 49.55 0.50448 * 0.31546 * 0.27613 *
6 (Mari,Tsia) (Tan,JBB) (rano) (Anko) (kely) (Stm) 26.65 23.44 49.92 0.50085 * 0.31953 * 0.26646 *
7 (Mari) (Tsia) (Tan,JBB) (rano) (Anko) (kely) (Stm) 34.18 14.78 51.04 0.48962 * 0.22456 * 0.34182 *
8

D-loop

(Stm) (Mari) (Tsia) (rano) (Tan) (JBB) (Anko) (kely) 48.55 51.45 0.48552 * - -
2 (Mari,Tan) (Tsia,kely,rano,Anko,JBB,Stm) 4.54 4.92 90.54 0.09464 * 0.05155 * 0.04544 *
3 (Mari,Tan) (Tsia) (kely,rano,Anko,JBB,Stm) 4.84 4.35 90.81 0.09188 * 0.04568 * 0.04842 *
4 (Mari,Tan) (Tsia) (kely,rano,Anko,Stm) (JBB) 5.02 3.86 91.12 0.08879 * 0.04063 * 0.05020 *
5 (Mari) (Tan) (Tsia) (kely,rano,Anko,Stm) (JBB) 5.27 3.20 91.53 0.08473 * 0.03379 * 0.05272 *
6 (Mari) (Tan) (Tsia) (kely,rano,Anko) (Stm) (JBB) 6.48 1.66 91.86 0.08142 * 0.01774 * 0.06483 *
7 (Mari) (Tan) (Tsia) (kely) (rano,Anko) (Stm) (JBB) 7.55 0.34 92.12 0.07882 * 0.00363 * 0.07547 *
8

Microsat.

(Mari) (Tan) (Tsia) (kely) (rano) (Anko) (Stm) (JBB) 7.65 92.35 0.07649 * - -
*: P<0.05
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Microsatellites

Seven loci were polymorphic with 4 (PS56 and Mm07) to 23 (Mm08) alleles each (Table 4-

5). The L1 marker was monomorphic. MNA values ranged from 4.38 (Tsiaramaso) to 6.50

(Andoharano). When omitting L1, average He values were high (0.62-0.75, Table 4-5), with

the small forest fragments having comparable values to the sites within the NP. With the

exception of Ankoririka, where an excess of heterozygosity was found, average Ho values

(0.61-0.80) did not differ significantly from He (mean FIS = -0.02, NS). We found 20

significant LD values (α < 0.05) across all sites (Appendix 4-3). Andoharano had no

significant LD, whereas the other sites had between two and four. No clear pattern across

samples or pairs of loci could be seen. These results indicate that LD is most likely a result of

the demographic history of populations rather than linkage.

Overall, FST-values were low to moderately high (Table 4-3). All except one were

significant. The smallest value (0.01) was between two populations within the NP, Ankoririka

and Andoharano. The largest differentiation (0.16) was found between Mariarano and JBB.

We found a significant pattern of isolation-by-distance among the populations (Z = 20.75,

Pearson coef. R = 0.61, p < 0.001). The values for sites within the NP were almost all under

the regression line whereas those for populations outside the NP tended to lie above the line.

Therefore, isolation-by-distance may, on its own, not fully explain the differentiation process

observed.

For K = 2 the SAMOVA analysis revealed a separation between Mariarano/Tanambao

on one hand and the remaining sites on the other. This was the solution with the lowest value

of within population variation (Table 4-4). Like for the D-loop data, some populations

appeared often together in the different groupings, such as Andoharano and Ankoririka. These

two populations are both in the NP and very close to each other. The configuration that

maximized the differences among groups was found for K = 8, as suggested by the D-loop

data, but the difference between this configuration and those for lower K values was not as

high as it was for the mtDNA data.
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Table 4-5: Genetic diversity measures for the microsatellite data for each sampling site
 Site Mari Tan Tsia Stm Anko kely JBB rano
Locus n 59 28 15 24 22 20 16 19 nA

He 0.687 0.604 0.628 0.672 0.704 0.697 0.625 0.630 10
Ho 0.712 0.607 0.600 0.833 0.909 0.750 0.625 0.737  
Fis -0.037 -0.005 0.045 -0.247 -0.300 -0.078 0.000 -0.175  

Mm03

 NS NS NS * *** NS NS *  
He 0.522 0.704 0.517 0.558 0.455 0.569 0.179 0.397 4
Ho 0.492 0.741 0.467 0.375 0.571 0.650 0.188 0.316  
Fis 0.059 -0.054 0.101 0.332 -0.263 -0.146 -0.047 0.209  

Mm07

 NS NS NS * *** NS *** NS  
He 0.865 0.833 0.884 0.859 0.898 0.931 0.938 0.940 23
Ho 0.881 0.821 0.857 0.792 0.810 0.941 0.938 1.000  
Fis -0.020 0.014 0.031 0.080 0.101 -0.012 0.000 -0.065  

Mm08

 NS NS NS NS NS NS NS ***  
He 0.236 0.449 0.460 0.685 0.669 0.614 0.226 0.630 4
Ho 0.237 0.577 0.267 0.542 0.727 0.650 0.250 0.790  
Fis -0.004 -0.293 0.429 0.213 -0.089 -0.060 -0.111 -0.262  

PS56

 NS * * * NS NS *** *  
He 0.721 0.728 0.683 0.739 0.742 0.777 0.847 0.790 13
Ho 0.746 0.482 0.600 0.750 0.864 0.800 0.813 0.684  
Fis -0.034 0.343 0.125 -0.016 -0.168 -0.031 0.042 0.137  

Mm30

 NS *** NS NS * NS NS NS  
He 0.805 0.716 0.678 0.721 0.574 0.833 0.867 0.744 10
Ho 0.848 0.786 0.733 0.783 0.714 0.950 0.938 0.790  
Fis -0.053 -0.099 -0.085 -0.088 -0.253 -0.144 -0.084 -0.063  

Mm40

 NS NS NS NS * * NS NS  
He 0.840 0.833 0.832 0.751 0.874 0.839 0.688 0.832 13
Ho 0.898 0.821 0.733 0.739 0.864 0.850 0.688 0.842  
Fis -0.070 0.014 0.123 0.016 0.012 -0.014 0.000 -0.012  

Mm43b

 NS NS NS NS NS NS NS NS  
He 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1
Ho 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  
Fis - - - - - - - -  

L1

 - - - - - - - -  
He 0.585 0.608 0.585 0.623 0.615 0.657 0.546 0.620  
He ° 0.668 0.695 0.669 0.712 0.702 0.751 0.624 0.709  
Ho 0.602 0.604 0.532 0.602 0.682 0.699 0.555 0.645  
Ho ° 0.688 0.691 0.608 0.688 0.780 0.799 0.634 0.737  
Fis -0.030 0.007 0.094 0.035 -0.113 -0.065 -0.016 -0.040  

Total

 NS NS * NS ** NS NS NS  
 MNA 6.25 5.50 4.38 6.38 6.50 5.75 6.00 5.38  

n: sample size; nA: number of alleles per locus across all sites; He: unbiased expected heterozygosity; Ho:
observed heterozygosity; MNA: mean number of alleles per site; N.S.: non significant; *: P<0.05; **:P<0.01;
***:P<0.001 ; °: without L1
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The Bayesian approach implemented in STRUCTURE 2.1 suggested the existence of

two clusters, as this was the ∆K with the highest value (Fig. 4-3), with one cluster containing

the populations of Mariarano and Tanambao, hence confirming the SAMOVA 1.0 analysis. In

order to see if there was any further structure, we repeated the analysis on the two separate

clusters. The Mariarano-Tanambao site could not be further subdivided, whereas the NP-Ste-

Marie-Tsiaramaso cluster was further divided in three subgroups. Around 80% of the

individuals from Ste-Marie and Tsiaramaso each formed a cluster, while the third cluster was

a mixture of the populations from the NP. Around 20% of the individuals coming from the

NP were, however, classified either with Tsiaramaso or Ste-Marie. Altogether this suggests

that the latter two populations, which are separated from the NP by savannah, are significantly

differentiated from the NP populations.
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Fig. 4-2: Haplotype network of the D-loop sequences. Each node corresponds to one mutation step. The sizes of the circles and the rectangle are
proportional to the number of individuals sharing that haplotype. The haplotype in the rectangle had the biggest outgroup weight.



Chapter 4 Population genetics of M. ravelobensis

113

K=2

K=3

Tan Tsia rano Anko JBB StmMari kely
0.000.00

0.20

0.40

0.60

0.80

1.00

Tsia kely rano Anko JBB Stm
0.00

0.20

0.40

0.60

0.80

1.00

Fig. 4-3: Most likely population structure according to STRUCTURE 2.1 applying the Evanno et al. (2005) criterion. A) Using all sampled
individuals B) Using only individuals from the second group (see text).



Chapter 4 Population genetics of M. ravelobensis

114

4.4.2 Inferences of past demography

D-loop

Results of the Tajima test (Table 4-2) showed that Mariarano and Tanambao had significant

positive values. Six of the seven Fs values were also positive and nearly all were significantly

different from zero. All these significant values potentially indicate a signal of bottleneck or

of balancing selection.

Microsatellites

Using summary statistics, we found consistent evidence for past population bottlenecks across

nearly all populations when the IAM was assumed (Table 4-6). However, the results varied

depending on which mutation model was assumed, and the signal was less clear when the

TPM was assumed and no population appeared to exhibit a bottleneck signal under the SMM.

When the Beaumont (1999) and the Storz and Beaumont (2002) runs were stopped the

Gelman-Rubin convergence test indicated that they had reached equilibrium and could hence

be used for inference. Once the initial burn-in had been eliminated, the three runs were then

pooled to produce larger and hence more precise samples of the posterior distributions.

Table 4-6: BOTTLENECK 1.2.02 results for the different mutation models
Mutation model

Site IAM TPM SMM
Mari 0.00391* 0.03906* 0.81250
Tan 0.01953* 0.28906 0.53125
Tsia 0.00781* 0.01953* 0.28906
Stm 0.00391* 0.03906* 0.53125
Anko 0.01953* 0.14844 0.53125
kely 0.00391* 0.00781* 0.34375
JBB 0.40625 0.65625 0.85156
rano 0.00391* 0.23438 0.94531

IAM: infinite allele model; TPM: two-phase model; SMM: stepwise mutation model;*: P<0.05
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Using the Beaumont (1999) method, we found a clear signal of population collapse for

all sites whether we assumed a linear or an exponential model for population size change

(Fig. 4-4). The posterior modes of N0/N1 indicate that a decrease in effective population size

of about two orders of magnitude has taken place, but the width of the distribution indicates

that there is some uncertainty on this value. Based on these values, the population that may

have undergone the most severe bottleneck is Tanambao, while the least severe bottleneck

was found for Tsiaramaso. In all sites, the linear and exponential models appear to exhibit

slightly different results in the posterior distribution of tf ; the modes under the linear model

had lower values, indicating more ancient events (conditional on the same N0 value). The 95%

Highest Posterior Density (HPD) limits were also broader, indicating a higher uncertainty.

Note that under this model time is scaled by N0, and hence this does not necessarily mean that

the two models lead to different time estimates. Differences could simply be in the estimation

of N0.

In order to quantify the past (N1) and present (N0) effective population size and date the

population collapse, we applied the Storz and Beaumont (2002) method (Fig. 4-5). The

posterior distributions of log N0 and log N1 showed hardly any overlap, with the exception of

the Tsiaramaso site, which exhibited the weakest bottleneck signal using the Beaumont

(1999) method. When excluding this site, all the posterior modes of log N0 vary between 1.30

and 2.04, which corresponds to 20 and 110 individuals. These values contrast with those from

the log N1 modes which were between 4.31 and 4.51 corresponding to more than 20 000

individuals. Altogether these figures are in good agreement with the Beaumont analysis and

also suggest a population size reduction on the order of 100. Also, as can be seen in Figure 4-

5, the different priors (dot-dashed lines) are very different from the posteriors (solid line) and

the posteriors do not differ much from each other regardless of the priors, a further indication

that data do contain significant information on the population collapse. In all populations the

posterior distributions for the time since the population decrease started had a distribution

around 2.00 in log scale, which corresponds to 100 years ago. The median of the distribution

ranged between 60 years in Ambajakely and 120 years in Ste-Marie, whereas the modes were

between 95 years and 200 years with 25% of the distribution being in approximately the last

20 to 30 years and 75% in the last 200 to 500 years, depending on the population. Altogether,

and with the exception of Tsiaramaso these results strongly suggest that there is a signal for a
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very recent population decrease, starting in the last 500 years, and most likely during the last

100 years.

Fig. 4-4: Posterior distribution of the population size change (log N0/N1) and time of change in
generations (log tf). For each population, three independent MCMC runs were done under the linear
population size change model (on top) and three under the exponential population size change model
(on the bottom). In this figure, for each population the three runs are pooled together to produce
posterior distribution after elimination of the burn-in. The dot-dashed line represents the flat prior
distribution and the grey line the population Tsiaramaso for which the posterior distributions are much
wider and less informative.
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Fig. 4-5: Posterior distribution of the present (log N0) and past (log N1) population size and the time in
years since population collapse (log Time). The dot-dashed lines represent the prior distribution, the
grey line shows the result for Tsiaramaso. The vertical lines correspond to the start of the different
time periods of human settlement discussed in the text.
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The BF analysis confirms this by giving a strong and clear answer to some of the

questions we asked (Table 4-7). First, it showed that in all populations except Tsiaramaso the

hypothesis that the bottleneck started after the human settled on Madagascar 2 000 years ago

receives significant support with BFs all between 65 and 210. Second, when we ask whether

the decrease started before or after the beginning of a particular period, the BFs are quite large

for all periods even though they decrease for the last 100 years. However, even for this period

BFs are between 5 and 8, indicating some support for the hypothesis. Third, when we ask

which of the period receives most support by comparing the weight of evidence for that

particular hypothesis against all others put together, BFs decrease significantly for all periods

except the two most recent period. Therefore this last series of BFs shows that the evidence is

as strong for the last century as it is for the period between 1500 and 1900, even though this

period is 4 times longer.

Table 4-7: Bayes factors for the different time periods tested.

 Mari Tan Tsia Stm Anko kely JBB rano
<100 vs. >100 6.18 7.78 2.45 4.57 6.59 7.98 6.25 5.02
<500 vs. >500 21.43 29.87 3.44 13.85 19.55 24.55 18.04 14.94
<900 vs. >900 42.37 61.64 3.79 24.50 33.26 43.22 30.66 26.14

<2 000 vs. >2 000 140.17 210.82 4.17 64.15 81.76 110.28 74.14 69.74
<10 000 vs. >10 000 5664.23 41699.58 4.22 942.65 758.69 1325.57 578.21 1066.55
0-100 vs. not 0-100 6.17 7.78 2.46 4.57 6.59 7.99 6.26 5.02

100-500 vs. not 100-500 7.06 6.43 3.18 7.47 6.25 5.64 6.37 7.06
500-900 vs. not 500-900 3.07 2.34 2.34 3.80 2.77 2.36 2.97 3.54

900-2 000 vs. not 900-2 000 1.38 0.95 1.88 2.04 1.45 1.16 1.57 1.93
2 000-10 000 vs. not 2 000-10 000 0.20 0.14 1.04 0.41 0.31 0.25 0.34 0.40

Darker grey: significant; lighter grey: positive evidence in favor of the most recent event

4.5 Discussion

4.5.1 Genetic diversity

The amount of genetic diversity was overall high in the populations of M. ravelobensis

although it depended on the marker used and the forest fragment. For the mtDNA, the amount

of variation was very heterogeneous with very little variability retained in the smallest

fragments. The comparison with other lemur species is necessarily difficult as the number of

studies is still limited. For the D-loop, previous studies have typically analyzed samples from

one locality only as the authors were interested in studying the social structure in their
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respective study species. For instance, Kappeler et al. (2002) sequenced 68 Mirza coquereli

and found four different haplotypes. In a similar study on Eulemur fulvus rufus, Wimmer and

Kappler (2002) sampled 59 individuals belonging to three groups. They found one very

frequent haplotype and eight with low frequencies. Finally, a study by Fredsted et al. (2004)

found 22 haplotypes in 205 M. murinus from Kirindy, with a π = 0.042 ± 0.002. Although

none of our populations showed such a high number of haplotypes, this is most probably due

to our smaller sample size per forest fragment. Indeed, when all samples are pooled the

number of haplotypes we found is much higher. Furthermore we found similar π values for

two populations in the NP. However, some of our small and isolated sites had much lower

values (0 and 0.011). This suggests that genetic drift and isolation has affected the smallest

fragments where a significant loss of diversity has already occurred, as pointed out by

Guschanski et al. (2007) in a preliminary study on M. ravelobensis.

For the microsatellite data, comparisons across studies should be done with caution

especially if one does not know how microsatellites were selected (e.g. Goossens et al. 2000;

Turner et al. 2004). In our study, the two loci (L1 and PS56) that appear to exhibit the lowest

diversity were the ones that were originally identified in Eulemur species. This confirms that

loci identified in one genus are often less variable when used in other genera as originally

noted by Ellegren (1997), creating a downward bias in estimates of genetic diversity.

However, two studies on M. murinus have so far used at least partly the same microsatellites

(Radespiel et al. 2003; Fredsted et al. 2005). In both studies, the He values were quite variable

from locus to locus with ranges of 0.24 - 0.92 and 0.41 - 0.94, respectively. Our microsatellite

data also showed He values with such a wide range, even when not considering L1 and PS56.

The extremely polymorphic locus Mm08 had He values as high as 0.94, while Mm07 showed

values as low as 0.18. Altogether, our data indicate a reasonable level of microsatellite

diversity in all populations, and the signal of diversity reduction seen in mtDNA is not clear-

cut. This is not necessarily surprising as the effective size of mtDNA is much smaller than

that of nuclear loci, making it more sensitive to bottlenecks. Also, He is known to be little

affected during the first stages of a bottleneck. As the more formal tests have shown, even the

microsatellites actually exhibit a strong signal of population crash (see below).

It may be worth noting that the only other study in mouse lemurs that specifically

looked for genetic effects of forest fragmentation in lemurs used other makers (Schad et al.
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2004). These authors genotyped a functionally important part of the MHC complex, the DRB

exon 2 in 108 M. murinus from a large fragment and 37 individuals from a smaller fragment.

The level of diversity was high in both sites, and the authors concluded that the effects of

fragmentation were limited, and that this was probably due to balancing selection, which is

thought to play a major role in the MHC complex. While this may be true, it is important to

note that these authors did not apply any specific test for detecting or quantifying the effect of

fragmentation. As our results show, even neutral markers such as microsatellites can show

high levels of genetic diversity in a fragmented environment.

4.5.2 Genetic structure

The D-loop data set suggests that there was a high level of genetic differentiation among the

sites, whereas the microsatellite data set showed only low to moderately high differentiation.

For the D-loop data, none of the methods used (AMOVA, SAMOVA) revealed clear clusters,

and the few populations that were consistently associated to each other seemed to be

associated without respect to their geographical location. This seems to indicate that the major

factor explaining genetic differentiation at that locus is genetic drift, which was confirmed by

the lack of any geographical structure in the haplotype network, and by the patterns of genetic

diversity across forest fragments. However, it is worth mentioning, that despite the lack of

clusters, we did find evidence for isolation-by-distance in the mtDNA data, suggesting that

drift may not have completely eliminated all geographical pattern that was present prior to

deforestation. How and when such patterns were created is difficult to say at this stage but

they might reflect the colonization of the area by M. ravelobensis from a refugium following

arid periods during the Pleistocene as was suggested by Olivieri et al. (2007).

The microsatellite data set, on the other hand, revealed geographic clusters. For

example, both STRUCTURE and SAMOVA unambiguously separated the two populations

near the coast, Mariarano and Tanambao, from the others. A further analysis also separated

the populations of the NP from the two other small forest fragments (Tsiaramaso and Ste-

Marie), again suggesting that drift has played a major role in increasing genetic differentiation

in fragments surrounded by savannah. It is important to note that the cluster including

Mariarano and Tanambao might also reflect the isolation-by-distance signal that we detected,

as the sample sites are only separated by 3.5 km.
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Altogether, both the mtDNA and microsatellite data show patterns of differentiation

where genetic drift and fragmentation seem to have played a major role. They are consistent

with a scenario in which a set of populations interconnected within a once large and

continuous forest that is now fragmented. There are still signatures of this ancient set of

populations, for instance through patterns of isolation-by-distance. The fact that some

fragments still contain surprisingly many haplotypes and that these haplotypes are not

necessarily closely related is an indirect indication that populations were still large or

connected not so long ago. How large these populations were, and when they started

decreasing is addressed in the next section.

4.5.3 Inference of past demography

The analyses we performed on both mtDNA and the microsatellites revealed a strong signal

for a population bottleneck. For the mtDNA, the results of the Tajima and Fu tests were not

identical but the overall signal was consistent, suggesting either a population bottleneck or

balancing selection. For the microsatellites, the method based on summary statistics detected

strong bottleneck signals for the IAM, and to a lesser extent for the TPM, but no significant

signal when the SMM was assumed. Given that summary statistics do not use the genetic

information very efficiently as was originally noted by Felsenstein (1992) and that the two

full-likelihood methods allowed us to detect a major population crash in all populations but

one suggests that the method implemented in BOTTLENECK was simply lacking power.

Thus, it appears that both microsatellites and mtDNA favor the hypothesis that

M. ravelobensis has suffered from recent population crashes. Quantifying and dating these

events with the microsatellite data set indicated a 100-fold decrease that took place after the

arrival of humans, and most likely in the last 500 years. We could not determine whether it

was more likely the result of the last century’s human exponential population increase, or

whether it was due to the period between 1500 and 1900. However, the fact that the latter

period is four times as long and still does not have a stronger support suggests that the events

in the last century have been crucial. Also, the fact that we could still find genetic diversity in

some of the small fragments suggests that the population collapse started recently.

It is important to note that a number of confounding factors could be responsible for the

apparent signals of population crash. First, the method assumes that there is no substructure

within samples but substructure can generate genealogies that resemble those obtained under
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population collapse (Beaumont 2003). To exclude that this was the case in our data, we

analyzed the relationship between population substructure and the magnitude of the

population collapse. As a measure of population substructure we used the FST value given by

the software ESTIM (Vitalis & Couvet 2001). These values were regressed against the

posterior modes of log (N0/N1) (results not shown). We did not find any significant linear

relationship (R = 0.16; p = 0.69). Another issue is that both full-likelihood methods used

assume the SMM. We do not think that it is a problem because we could test for this by

assuming other mutation models using summary statistics. Overall, and as was noted by

Goossens et al. (2006), the fact that the SMM was the model for which the signal was less

strong using summary statistics, suggests if anything that the SMM is the most conservative

model to use.

It is interesting to note that even populations living within the NP showed a population

collapse. This suggests that the original forest in that area was far bigger only a few centuries

or several decades ago and that deforestation can generate signals of population decrease even

in populations that live in relatively large forest fragments. Another interesting result is the

fact that the only exception to this pattern is the population Tsiaramaso. This population is

located close to the river defining the northern limit of the species distribution. It exhibited no

diversity at the mtDNA level and the posterior curves were much wider than for the other

populations. This suggests not so much that the population has gone through a weaker and/or

earlier bottleneck but rather that the genetic variability is limited and hence does not allow us

to make precise inference.

To our knowledge, the approaches presented here have been applied to very few species

and in particular to only two other primate species. Storz and Beaumont (2002) could show

that savannah baboons also have undergone a historical decline in population size, but there

was a much higher uncertainty on the dating of this event which could have taken place

anytime between 1 000 to 250 000 years ago. In the other study, Goossens et al. (2006)

showed that orangutans from north-eastern Borneo have undergone a dramatic population

decline that was mainly due to recent habitat loss through human pressure. Like in our study,

present-day populations appeared to retain high levels of genetic diversity. This can be related

with the very large ancient populations, and with the fact that the bottleneck is very recent.
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4.6 Conclusions

This study provides strong evidence for a recent population decrease in a nocturnal

endangered lemur species during the last 500 years or even more likely during the last 100

years. This period coincides well with the historic accounts of accelerated human expansion

and population growth in northwestern Madagascar. Critical deforestation has been going on

in the last 900 years, with pollen and charcoal profile indicating substantial local deforestation

around archaeological sites such as Mahilaka. However, for M. ravelobensis our results

suggest that it is only in the last 500 and possibly 100 years that the major deforestation took

place. For this species, the first wave of settlement did not have a major effect. At this stage it

seems reasonable to hypothesize that earlier damage inflicted by humans to the forest must

have been geographically limited. This study demonstrates that molecular methods enable us

to potentially detect, quantify and date historic events of importance for endangered species

even in the absence of written records or archaeological findings. No other comparable

population genetic study is currently available that covers an entire geographic range of a

primate species. However, similar or even more dramatic processes have probably already

taken place in the larger lemur species with slower reproductive rates that live in similar

environments. The signal we detected might be difficult to demonstrate in these other lemur

species simply because genetic diversity is lost even quicker than in mouse lemurs. This

suggests that mouse lemurs could be very good indicators of such demographic declines

across the whole island. Madagascar is defined by extraordinary rates of endemism. Rapid

radiation processes created unique sets of species with extremely small species ranges. This

situation that has become even clearer in the last decade thanks to the use of molecular

markers, poses an enormous challenge to conservationists since the loss of entire species with

small-scale distributions is a constant threat due to local stochasticities (Olivieri et al.

submitted). In the case of the golden-brown mouse lemur we have shown that populations still

possess certain levels of genetic diversity at least in larger forest fragments. Therefore,

conservation management should now concentrate on an effective long-term protection of this

remaining diversity. For instance, this should be achieved by the continuous legal protection

of the Ankarafantsika National Park and by the installation of a new protected zone in the

Mariarano/Tanambao region.
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4.8 Appendices
Appendix 4-1: Priors used for the MSVAR runs
a) MSVAR 0.4
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log theta

lower and
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log R

lower and
upper
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log R
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thinned
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thinning iterations

scale
parameter

for the
MCMC

01 37482951 2.0 3.0 3.0 2.0 1.0 1.5 2.5 1.2 0.5 5.0 0 0 0 -5 5 -5 5 -5 5 1,E+05 3,E+04 3,E+09 0.5
02 42673892 1.0 2.0 1.3 2.0 2.4 3.0 2.0 0.7 1.5 4.0 0 0 0 -5 5 -5 5 -5 5 1,E+05 3,E+04 3,E+09 0.5
03 73516792 2.0 2.6 1.0 2.5 3.0 1.5 2.0 2.3 3.0 3.0 0 0 0 -5 5 -5 5 -5 5 1,E+05 3,E+04 3,E+09 0.5
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Appendix 4-2: Hierarchical AMOVA of the D-loop sequences. Significance was tested in 1000
permutations
Source of  Sum of Variance Percentage
variation d.f. squares components of variation

Among groups 1 180.259 0.10633 0.93

Among populations
within groups 6 798.670 5.32878 46.85

Within populations 199 1182.096 5.94018 52.22

Total 206 2161.024 11.37528  
Fixation Indices
ΦSC : 0.47287***
ΦST : 0.47780***
ΦCT : 0.00935

ΦSC: differentiation among populations within the NP; ΦST: overall differentiation of populations;
ΦCT: proportion of differentiation between populations within and outside the NP

Appendix 4-3: Significant linkage disequilibrium between pairs of loci. Only significant values are
shown.
 Mari Tan Tsia Stm Anko kely JBB rano
Mm03-Mm07         
Mm03-Mm08    3.00%   1.00%  
Mm03-PS56         
Mm03-Mm30  2.40% 1.70%      
Mm03-Mm40      0.50%   
Mm03-Mm43b  3.00%       
Mm03-L1 -- -- -- -- -- -- -- --
Mm07-Mm08     4.50% 1.10%   
Mm07-PS56         
Mm07-Mm30         
Mm07-Mm40         
Mm07-Mm43b  1.50%    4.30%   
Mm07-L1 -- -- -- -- -- -- -- --
Mm08-PS56     1.60%    
Mm08-Mm30         
Mm08-Mm40  4.00%     1.50%  
Mm08-Mm43b   0.60%      
Mm08-L1 -- -- -- -- -- -- -- --
PS56-Mm30 0.00%   0.10%     
PS56-Mm40         
PS56-Mm43b 2.20%     0.40%   
PS56-L1 -- -- -- -- -- -- -- --
Mm30-Mm40         
Mm30-Mm43b 4.00%    0.00%    
Mm30-L1 -- -- -- -- -- -- -- --
Mm40-Mm43b         
Mm40-L1 -- -- -- -- -- -- -- --
Mm43b-L1 -- -- -- -- -- -- -- --

--: no value available since L1 is monomorphic
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5 Fourth study

Conservation priorities of two recently described and

rare mouse lemur species based on genetic data

5.1 Abstract

The National Network of Protected Areas of Madagascar currently covers about 3% of the

island. The country has announced, however, that it will triple this surface and is therefore in

the processes of assessing which areas are most appropriate. In our study, we collected

samples from two mouse lemur species, Microcebus bongolavensis and M. danfossi that have

very limited distributions. The current protected areas clearly do not assure the survival of

these species nor of any other organisms with similar ranges. We characterized the mtDNA

D-loop and 8 microsatellites to determine the amount of genetic diversity within the different

sampling sites, described the patterns of genetic differentiation among sites, and detect

demographic events. We found relatively high genetic diversity, genetic differentiation

ranging from low to high depending on the marker, no clear geographic pattern of genetic

structure among sites but a clear signal for a recent demographic collapse. This information,

together with general observations on the size and state of the forest fragments and the

anthropogenic pressure in these fragments, allowed us to propose concrete conservation

measures. For M. bongolavensis, we support the protection of the Bongolava forest, which is

already being considered. For M. danfossi, we conclude that urgent measures to protect

several remaining forest fragments are necessary.
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5.2 Introduction

Madagascar, the fourth biggest island of the world, harbors an extremely diverse and mostly

endemic biodiversity. It is one of the first countries in the world to have established protected

areas in order to preserve this asset (e.g. Randrianandianina et al. 2003). Since 1927, when the

first protected area was declared, an extensive system has evolved. When this study started in

2003, the protected zones were classified in three different types of reserves that are still

found in the current system. Each type receives a different kind of protection. First, the

“Réserves Naturelles Intégrales” (RNI), or “Strict Nature Reserves” are areas in which nature

must be left to its own devices, all human activities are forbidden, and no circulation or

scientific research can be done without permission of the appropriate authorities. Second, the

“Parcs Nationaux” (PN), or “National Parks” have been created to protect and preserve an

exceptional natural or cultural patrimony. Besides protection, they also serve recreational and

educational purposes. Third, the “Réserves Spéciales” (RS), or “Special Reserves” are areas

created mainly with the perspective of protecting a specific ecosystem, site, plant or animal

species.

Madagascar had a total of 46 legally protected areas covering a surface of 17 million

km2 in 2003, corresponding to 3% of the country. Together, they represent the “Réseau

National des Aires Protégées de Madagascar” or “National Network of Protected Areas of

Madagascar”, which is managed by the “Association Nationale pour la Gestion des Aires

Protégées” (ANGAP) according to the draft bill referred to as COAP (Code des Aires

Protégées de Madagascar, or Code of the Protected Areas of Madagascar). The mandate of

ANGAP is to establish, preserve, and manage in a sustainable manner the National Network

of Protected Areas that shall represent adequately all Malagasy biomes and ecosystems and

thereby Madagascar’s biodiversity. To ensure a proper representation of the island’s natural

habitats, a large biogeographic approach is required that takes into account each of the

ecoregions in Madagascar. However, problems arise already at the level of their definition,

since species assemblages may change rapidly over relatively short distances and because the

principal taxonomic groups show different biogeographic patterns across the island. The

definition of the different ecoregions has been attempted several times and ANGAP currently

mostly relies on the one proposed by Schatz (2000) to which several transition zones have

been added. The general goal is further complicated by the fact that species diversity on
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Madagascar increases continuously due to intense and board-scaled taxonomic research

efforts (e.g. Raxworthy & Nussbaum 2006; Carleton & Goodman 2007; Cook 2007) despite a

major human pressure on most environments.

In this study, we concentrate on two mouse lemur species that have been recently

described (Olivieri et al. 2007): Microcebus bongolavensis and M. danfossi. Both have a

distribution that lies within the ecoregion known as the Western Domain, which is generally

characterized by dry deciduous forest. However, the Western Domain contains a wide variety

of natural forest types associated to soils and substructures of different types

(Randriamboavonjy & Bourgeat 1993). Forest loss is especially high here which makes this

ecoregion one of the most threatened on Madagascar (Smith 1997). Forest clearance leads to

the complete isolation of forest blocks. The distribution of M. bongolavensis is limited by the

rivers Mahajamba and Sofia (Olivieri et al. 2007) (Fig. 5-1). In 2003, there was no protected

area within the range of this species. The second species, M. danfossi, occurs more to the

north. Its distribution is also limited by two large rivers: the Sofia and the Maevarano

(Olivieri et al. 2007). Within these boundaries, only one area is so far part of the National

Network of Protected Areas, namely the “RS de Bora”. This forest was originally over 48 km2

in size and has been, in theory, under protection since 1956. In reality, it has been largely

destroyed and is now mostly used for agriculture and pasture (Nicoll 2003).

It is quite evident that the Network of Protected Areas from 2003 does not ensure the

survival of these two species. On the other hand, it is virtually impossible to represent all

Malagasy species within the Network. However, mouse lemurs, and lemurs in general, are

efficient flagships species (Durbin et al. 2003). It could be argued that mouse lemurs deserve

only minor conservation concern, since they can also survive in degraded and secondary

forest (Ganzhorn 1999). Then again, recent census data showed that M. bongolavensis and

M. danfossi have very low encounter rates compared to other mouse lemur species (Olivieri et

al. 2005). These findings may indicate a higher vulnerability to habitat loss than in other

mouse lemurs, since small population densities may reflect smaller effective population sizes.

Moreover, even if these animals are less threatened than bigger sized lemurs, they can be used

as indicators for the latter, e.g. Lepilemur otto (Craul et al. submitted) and L. grewcocki

(Louis et al. 2006) which have similar distributions as M. bongolavensis and M. danfossi,

respectively.
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At the World Parks Congress in Durban, South-Africa, in 2003, the president of

Madagascar announced his intention to increase the surface of protected areas to 60 million

km2. In other words, he wanted to triple the surface in order to reach the 10% level

recommended by the World Conservation Union (IUCN). Indeed, the IUCN has proposed

some measures in the hope to influence, to encourage and to assist countries conserve the

integrity and diversity of nature. The IUCN further emphasizes the need to conserve

biological diversity on three levels: ecosystem diversity, species diversity, and genetic

diversity. Whereas the two first levels have been considered to some extent in the existing

Network of Madagascar’s Protected Areas, little attention has been given so far to the genetic

diversity that needs to be preserved in order to minimize the risk of extinction by genetic

depletion. This includes genetic diversity among and within populations. In this study, we aim

to assess the genetic diversity within and among remaining populations of M. bongolavensis

and M. danfossi in order to address this lack of knowledge. We visited and took tissue

samples from ten forest fragments covering the entire distribution of M. bongolavensis and

M. danfossi. In particular, we aimed to (1) determine the amount of genetic diversity within

the different sites, (2) describe the patterns of genetic differentiation among sites, (3) detect,

quantify and date demographic events such as population bottlenecks that are likely to have

affected these species in the last millennia, either due to natural or to anthropogenic changes.

Multilocus genotypes obtained from eight nuclear microsatellites and sequence data from the

mitochondrial D-loop were used to infer genetic structure and the demographic history of the

study populations. This information, combined to general observations on the size and state of

the forest fragments and the respective anthropogenic pressures was used to propose specific

conservation measures and select the most appropriate forest fragments for long-term

conservation.

5.3 Materials and methods

5.3.1 Samples

Samples were collected from 10 sites in northwestern Madagascar (Fig. 5-1) where a total of

125 mouse lemurs were caught. Three sites lied within the distribution of M. bongolavensis.

In the other seven sites we captured animals belonging to M. danfossi. The geographical

coordinates, the year of capture and the number of individuals captured at each site are given
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in Table 5-1. Most of the sites were located in isolated forest fragments surrounded by

savannah, which varied in size from 0.2 to 36.8 km2 (Table 5-1). However, Maroakata,

though small, was most likely still connected to Bongolava, a forest of about 97 km2 (Fig. 5-

1). Straight-line distances among populations within a species ranged 17.4 km to 105.4 km.

Ambodimahabibo

Maroakata

Mahajamba-Est

Ambongabe

Anjiamangirana I

Marasakoa

Ankozany

Ambarijeby

Mahatsinjo
Bora

Be
tsi

bo
ka

M
ahajam

ba

Sofia

Maevarano

Site with:
    M. bongolavensis
    M. danfossi

100km

44°E 48°E

Fig. 5-1: Map of northwestern Madagascar showing the sampling sites, the major rivers that act as
species barriers and the forest of Bongolava (striped surface).
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Table 5-1: Names of the capture sites, abbreviation, latitude, longitude, size of forest fragment, year
of capture, name of the main investigator for the capture of the animals, number of individuals
captured, number of D-loop sequences, number of genotyped individuals and number of individuals
with both data sets.

Site Abb. Lat. Long. Species

Frag.
Size

(km2)
Year of
capture

Main
investigator

#
cap.
ind.

#
ind.
seq.

#
ind.
gen.

#
ind.
with
both

Mahajamba-Est Est -15.9930 47.1710 M. bongolavensis 0.2 2003 R.R. 7 6 7 6
Maroakata ata -16.0852 47.3027 M. bongolavensis 2.0+97 2003 G.O. 27 27 27 27
Ambodimahabibo bibo -15.4957 47.4799 M. bongolavensis 11.1 2004 G.O. 11 10 11 10
All sites    M. bongolavensis 45 43 45 43
Ambongabe Ambo -15.3254 47.6763 M. danfossi 16.0 2003 G.O. 10 9 10 9
Ambarijeby jeby -14.9446 47.7118 M. danfossi 1.5 2004 G.O. 31 30 30 29
Bora Bora -14.8645 48.2070 M. danfossi 36.8 2004 G.O. 9 9 9 9
Marasakoa koa -15.2632 48.2948 M. danfossi 6.2 2004 G.O. 12 12 12 12
Mahatsinjo injo -14.7877 47.7856 M. danfossi 11.8 2004 G.O. 4 4 4 4
Anjiamangirana I Anji -15.1527 47.7349 M. danfossi 12.1 2004 G.O. 8 8 8 8
Ankozany zany -14.5248 48.2065 M. danfossi 20.8 2005 G.O. 6 2 5 2
All sites    M. danfossi 80 74 78 73
All sites    All species 125 117 123 116

R.R.: Romule Rakotondravony

5.3.2 DNA extraction and amplification

The genomic DNA was extracted from the tissue samples using the Qiagen DNeasy Tissue

Kit (Qiagen) or standard phenol/chloroform extraction techniques (Maniatis et al. 1982). For

most animals (43/45 M. bongolavensis and 73/80 M. danfossi), the D-loop was sequenced and

eight nuclear loci were genotyped as in Olivieri et al.(submitted). For the other animals, only

one of these two kinds of markers could be characterized.

5.3.3 Genetic diversity and structure

D-loop

Nucleotide diversity (π) and the haplotype diversity (Hd) were used as measures of genetic

diversity and computed with the program DNASP 4.10.4 (Rozas et al. 2003). A multiple

regression was calculated with number of haplotypes as dependent variables and sample size

and forest fragment size as independent variables for M. danfossi. Because we only had data

coming from three sites for M. bongolavensis, no such analysis was conducted for this

species. Likewise, isolation-by-distance was only tested for in M. danfossi.

Population structure was analyzed using different approaches. Pairwise ΦST-values 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 the same
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method as in Olivieri et al. (submitted) to determine the distance measure that should be used

between haplotypes in the calculation of ΦST-values.

In order to test for a correlation between genetic and geographic distances we performed

a Mantel test between pairwise ΦST distances and the logarithm of the corresponding

geographic distances. The significance of the correlation was assessed by means of 1 000

permutations as implemented in GENETIX 4.04 (Belkhir et al. 2000).

In order to find if any other partition of the samples may reflect major genetic

differences, we used the method of Dupanloup et al. (2002), implemented in SAMOVA 1.0

(Spatial Analysis of Molecular VAriance).

Haplotype networks based on all sequences were constructed with the program

TCS 1.21 (Clement et al. 2000) with a fixed connection limit of 30 changes, considering gaps

as a 5th character state. This software also takes into consideration missing data, explaining

why, in a few populations TCS 1.21 defined one more haplotype than the program

DNASP 4.10.4 that excludes these sites.

Microsatellites

Genetic diversity was measured using the number of alleles per locus (nA), the mean number

of alleles per population (MNA), observed (Ho) and unbiased expected heterozygosity (He)

(Nei 1978) for each site. Linkage disequilibrium was estimated for all pairs of loci using the

correlation coefficient of Weir (1979) for each sample and for the whole data set. Departures

from linkage equilibrium were assessed with 10 000 permutations of alleles between

individuals, within populations (i.e. assuming alleles were statistically independent). These

analyses were performed using the GENETIX 4.01 software.

Wright’s F statistics were estimated according to Weir and Cockerham (1984) and their

departure from the null hypothesis (no genetic differentiation for FST, and Hardy–Weinberg

equilibrium for FIS and FIT) was tested using 1 000 permutations using the GENETIX 4.01.

A Mantel test (10 000 permutations) based on the logarithm of geographical distances

and FST/(1- FST ) (Rousset 1997) was used to determine whether the genetic structures

followed an isolation-by-distance pattern as implemented in GENETIX 4.01 in M. danfossi.

In order to detect groups of geographically homogenous populations, we used the

program SAMOVA 1.0.
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In order to assess the hidden population structure, regardless of the geographical

location of samples, we performed a Bayesian clustering analyses, as implemented in the

software STRUCTURE 2.1 (Pritchard et al. 2000). We used the same parameter sets and

criteria to choose the most likely K as in Olivieri et al. (submitted).

5.3.4 Inferences of past demography

D-loop

Two summary statistics that are known to be affected by demographic events such a

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

changes in population size. Significance of these statistics were assessed using 10 000

coalescent simulations based on the observed number of segregating sites in each sample as

implemented in ARLEQUIN 3.01.

Microsatellites

To determine if there have been any changes in effective population size, three different but

complementary approaches were used with the exact same parameter sets as in Olivieri et al.

(submitted). Analyses were limited to one site for each species due to small sample sizes in

the other sites. For M. bongolavensis, Maroakata was considered and for M. danfossi, the

samples from Ambarijeby were analyzed.

The first was the method of Cornuet and Luikart (1996) that detects populations that

have been through a recent bottleneck using summary statistics, namely the number of alleles

(nA) and the expected heterozygosity (He). Three mutation models were used: the infinite

allele model (IAM), the single stepwise model (SSM) and the two-phase model (TPM) with

30% multi-step mutation events. A Wilcoxon sign-rank test was used as implemented in the

BOTTLENECK 1.2.02 software (Cornuet & Luikart 1996) to test for departure from

equilibrium.

The second (Beaumont 1999) and third (Storz & Beaumont 2002) methods that were

used to determine if our sampled populations have undergone any recent demographic

changes, are likelihood-based Bayesian methods. They exploit the full allelic distribution in a

coalescent-based framework. Convergence of the different chains was visually checked and

tested using the Gelman-Rubin (1992) statistic.
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Bayes factor tests were used as in Olivieri et al. (submitted) to help us define when the

population changes determined with the Storz and Beaumont (2002) method started.

5.4 Results

5.4.1 Genetic diversity and structure

D-loop

For M. bongolavensis we found between one and eight haplotypes (Table 5-2) per site. The

site with no diversity was Mahajamba-Est, where the six individuals sampled had identical D-

loop sequences. The two other sites, Maroakata and Ambodimahabibo had Hd values of 0.746

and 0.917 respectively. Both sites had similar values for π (0.0139 vs. 0.0128). The three

pairwise ΦST-values were high and significant and varied between 0.506 and 0.724 (Table 5-

3). The SAMOVA 1.0 analysis (Table 5-4) suggested that for K = 2, the partition that

maximizes the differences between groups is when Mahajamba-Est and Ambodimahabibo are

grouped together. However, due to the small number of samples and the high pairwise ΦST-

values, one should not give too much credit to this result. The haplotype network (Fig. 5-2)

shows the relationships between the 16 haplotypes found among the 43 individuals. Each of

these was private to one site and no clear geographical structure can be seen.

For M. danfossi we found between 2 and 7 haplotypes per site, with the exception of

Ankozany where only two individuals were typed and only one haplotype was found

(Table 5-2). In the remaining sites, Hd and π varied between 0.464 - 0.909 and 0.0125 -

0.0402, respectively. The multiple regression showed that the number of haplotypes was not

correlated to the sample size nor the forest fragment size (R² = 0.671, p = 0.109).

The significant ΦST-values varied between 0.173 and 0.659 (Table 5-3). However, two

pairwise ΦST-values were not significant; between Mahatsinjo/Ambarijeby (ΦST = 0.108) and

Ankozany/Mahatsinjo (ΦST = 0.818). The Mantel test showed that there was a significant

correlation between ΦST-values and geographical distances (Z = 78.65, Pearson coef.

R = 0.575, p = 0.014).

Based on the SAMOVA 1.0 analysis, the configuration with the highest variation

among groups was found for K = 2 (Table 5-4). Here, the northernmost sample of Ankozany

formed its own group while all other sites were put together. The total molecular variance

could be explained to 30.77% by the genetic differentiation among groups while 21.75% was
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explained by variation among populations, and the remaining 47.47% were explained by

variation within populations. For K = 7, where each site is considered as a separate cluster, the

respective values were 33.46% and 66.54% and all differentiation indexes were significant.

The haplotype network (Fig 5-2) showed a total of 25 haplotypes for the 74 sequences.

Only one of these (H57) was shared between two sites, namely Ambarijeby and Mahatsinjo

that are geographically close to each other. However, overall this network lacked clear

geographic structure as in M. bongolavensis.
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Table 5-2: Genetic diversity measures for D-loop sequences for each sampling site and inference of demographic events based on Tajima's D, and
Fu's Fs test.
Site Species # TCS # DnaSp Hd±SD  π±SD Tajima's D Fu's Fs
Est M. bongolavensis 1 1 0.0 0.0 - -
ata M. bongolavensis 8 8 0.746±0.078 0.0139±0.0027 -0.052 2.922
bibo M. bongolavensis 7 6 0.917±0.073 0.0128±0.0024 1.325 0.441

All sites M. bongolavensis 16 15 0.876±0.037 0.0217±0.0012 1.195 1.529
Ambo M. danfossi 3 2 0.500±0.128 0.0198±0.0051 1.760* 10.686***
jeby M. danfossi 7 7 0.770±0.061 0.0200±0.0035 0.042 7.692*
Bora M. danfossi 4 3 0.722±0.097 0.0402±0.0050 1.820* 11.211***
koa M. danfossi 7 7 0.909±0.056 0.0294±0.0022 1.333 3.066
injo M. danfossi 2 2 0.667±0.204 0.0125±0.0038 2.223** 4.664*
Anji M. danfossi 3 3 0.464±0.200 0.0170±0.0074 -1.133 5.890*
zany M. danfossi 1 1 0.0 0.0 - -

All sites M. danfossi 25 24 0.952±0.013 0.0337±0.0022 -0.286 1.518
#  TCS: number of haplotypes according to TCS 1.21; #  DnaSp: number of haplotypes according to DnaSp 4.10.4; Hd: Haplotype diversity; π: nucleotide
diversity; *: p<0.05; **:p<0.01; ***:p<0.001



Chapter 5 Population genetics of M. bongolavensis and M. danfossi

143

Table 5-3: Estimated pairwise FST (above diagonal) and pairwise ΦST (below diagonal)
M. bongolavenis

Φst 
  Fst ata bibo Est  

ata  0.057 0.102
bibo 0.506  0.070
Est 0.675 0.724  

M. danfossi

Φst 
  Fst Amb jeby Bora koa injo Anji zany

Amb  0.103 0.069 0.025 NS 0.106 0.031 0.130
jeby 0.338  0.131 0.094 0.101 0.111 0.152
Bora 0.272 0.328  0.054 0.140 0.027 NS 0.195
koa 0.259 0.377 0.216  0.071 0.015 NS 0.073
injo 0.461 0.108 NS 0.312 0.460  0.090 0.159
Anji 0.350 0.172 0.297 0.379 0.254  0.136
zany 0.607 0.630 0.412 0.539 0.818 NS 0.659  

NS: non significant (P>0.05)
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Table 5-4: SAMOVA 1.0 results for both markers. Parentheses indicate which sites were grouped together for each K.
Percentage of variation

Species Marker K Groups
Among
groups

Among
pop

Within
pop Φst / Fst Φsc / Fsc ΦCT / FCT

2 (Est) (bibo, ata) 25.43 40.40 34.17 0.65828 * 0.54175 * 0.25430D-loop
3 (Est) (bibo) (ata) 60.51 39.49 0.60512 * - -
2 (Est) (bibo,ata) 3.75 5.19 91.07 0.08935 * 0.05391 * 0.03745

M. bongolavensis
Microsat

3 (bibo) (Est) (ata) 7.10 92.90 0.07099 * - -
2 (zany) (jeby, injo, Anji, Amb, koa, Bora) 30.77 21.75 47.47 0.52528 * 0.31425 * 0.30773
3 (zany) (jeby, injo, Anji) (Amb, koa, Bora) 18.08 19.34 62.58 0.37420 * 0.23610 * 0.18079 *
4 (zany) (jeby, injo, Anji) (Amb, koa) (Bora) 23.05 14.07 62.88 0.18290 * 0.37124 * 0.23050 *
5 (zany) (jeby, injo, Anji) (Amb) (koa) (Bora) 28.18 8.80 63.03 0.12246 * 0.36972 * 0.28176 *
6 (zany) (jeby, injo) (Anji) (Amb) (koa) (Bora) 29.07 5.50 65.43 0.07752 * 0.34569 * 0.29071 *

D-loop

7 (zany) (jeby) (injo) (Anji) (Amb) (koa) (Bora) 33.46 66.54 0.33460 * - -
2 (Anji, injo, koa) (jeby, Bora, Amb, zany) -1.57 9.91 91.66 0.08342 * 0.09755 * -0.01566
3 (Anji) (injo, koa) (jeby, Bora, Amb, zany) -3.60 11.27 92.33 0.07670 * 0.10881 * -0.03604
4 (Anji) (injo) (koa) (jeby, Bora, Amb, zany) -3.72 11.41 92.31 0.07694 0.11005 -0.03721
5 (Anji) (injo) (koa) (jeby, Bora, Amb) (zany) -2.30 10.70 91.59 0.08406 * 0.10462 * -0.02296

M. danfossi

Microsat

6 (Anji) (injo) (koa) (jeby, Bora) (Amb) (zany) -6.99 15.25 91.74 0.08259 * 0.14253 * -0.06990
*: P<0.05



Chapter 5 Population genetics of M. bongolavensis and M. danfossi

145

H57

H73
H75

 

H58

H54

H54

H55

H79

H67

H60

H1

H2

H63

H61

 

 

H62

H3

H64

 

 

H65

 

 

H68H69

H4

H27

H77
H70

H76

H78

Ambongabe
Ambarijeby
Bora
Marasakoa

Mahatsinjo
Anjiamangirana I
Ankozany

H38

 

H39

H41

H40

    

H8

H46

 

   

H53H44

H7

 

 

  

H45

 

 

 

 

 

 

 

H9

H48

 

 

 

 

 

 

 

 

H49H26H5H6

M. bongolavensis

Sofia River

M. danfossi

Mahajamba-Est

Maroakata

Ambodimahabibo

Fig. 5-3: Haplotype network of the D-loop sequences from M. bongolavensis and M. danfossi. Each node corresponds to one mutation step. The
sizes of the circles and the rectangles are proportional to the number of individuals having that haplotype. The haplotypes in the rectangles had the
biggest outgroup weight.



Chapter 5 Population genetics of M. bongolavensis and M. danfossi

146

Microsatellites

For M. bongolavensis all eight loci were polymorphic with Na varying between 2 (Mm07, L1)

and 16 (Mm08) (Table 5-5). MNA values were not very high and ranged between 3.63

(Mahajamba-Est) and 5.00 (Maroakata). Similarly, He values were relatively low and similar

across the three sites (0.56-0.59). The small sample sizes of Mahajamba-Est and

Ambodimahabibo probably explains the lower MNA values found compared to Maroakata.

Departures from HW equilibrium were observed at a number of loci for the three populations,

but the overall departure was small and non significant for Ambodimahabibo and Maroakata.

For Mahajamba-Est the overall departure was significant but the very small sample size

makes the interpretation of this difficult. Significant departures from linkage equilibrium were

found for only seven pairs of loci across the three populations and all possible comparisons

(Appendix 5-1) without any clear pattern across populations or pairs of loci. Therefore, these

results indicate that LD is most likely a result of the demographic history of the populations

rather than linkage.

The pairwise FST-values were all significant (Table 5-3). The value between

Mahajamba-Est and Maroakata (0.10) was slightly higher than the two other values (0.06 and

0.07) and the average FST (0.08) was also significant. As expected with such FST-values, the

SAMOVA 1.0 (Table 5-4) and AMOVA analyses showed that most of the total genetic

variation was within populations (over 90% for both K = 2 and K = 3) and that

Ambodimahabibo and Maroakata could be grouped together. Again, as noted above for the

mtDNA data, with only three sites, these results should be treated with caution. This

cautionary note is confirmed by the analysis performed with the clustering algorithm

implemented in the STRUCTURE 2.1 software. For values of K>1 the posteriors were

identical to the priors’ distributions indicating that there was no strong support for more than

one cluster.

For M. danfossi all eight loci were polymorphic, with Na varying between 2 (PS56) and

24 (Mm08) (Table 5-5). MNA values were on average higher than for M. bongolavensis and

ranged between 2.75 (Ankozany) and 6.63 (Ambarijeby). Similarly, with the exception of

Ankozany (He = 0.52) He values were higher than for M. bongolavensis, ranging from 0.64 to

0.71. For each site, departures from HWE could be detected at three to six loci. The fact that

most sites have a sample sizes smaller than 10 suggests that these tests should not be taken at
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face value. We found 14 significant LD values across all sites (Appendix 5-1) but again there

was no clear pattern across populations or loci, suggesting that the loci can be considered

independent for the remaining analyses.

Despite the small sample sizes, most pairwise FST-values were significant and varied

between 0.03 (Anjiamangirana I to Ambodimahabibo) and 0.19 (Bora to Ankozany, the two

northernmost samples), with an average FST of 0.10. However, we found no significant pattern

of isolation-by-distance among the populations (Z = 21.62, Person coef. R = 0.013, p = 0.34).

The SAMOVA 1.0 results (Table 5-4) suggest that the partition with the lowest variation

among populations within groups was for K = 2. The first group corresponded to the sites

Anjiamangirana I, Mahatsinjo and Marasakoa and the second the four remaining populations.

The results obtained with STRUCTURE 2.1 also suggest that K = 2 is the most likely number

of partitions but the groups are very different from those inferred from SAMOVA 1.0 (Fig. 5-

3). Here is it Ambarijeby that appears to be rather different from the others and in particular

from Bora, Anjiamangirana I, and Ambongabe. The results from STRUCTURE 2.1 appear to

make more sense in view of the relatively low FST-values between the latter three populations.
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Fig. 5-3: Most likely population structure for each species according to STRUCTURE 2.1.
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Table 5-5: Genetic diversity measures for the microsatellite data for each sampling site
M. bongolavensis M. danfossi

Site Est ata bibo Ambo jeby Bora koa injo Anji zany
Locus n 7 27 11 Na 10 31 9 12 4 8 6 Na

He 0.714 0.728 0.671 6 0.912 0.865 0.856 0.837 0.679 0.875 0.844 15
Ho 0.429 0.852 0.727  1.000 0.900 1.000 0.917 0.750 1.000 1.000  
Fis 0.419 -0.175 -0.088  -0.105 -0.041 -0.180 -0.100 -0.125 -0.155 -0.212  

Mm03

** NS *  *** NS *** NS NS *** ***  
He 0.539 0.492 0.416 2 0.706 0.798 0.625 0.571 0.536 0.342 0.200 6
Ho 0.143 0.519 0.546  0.667 0.690 0.125 0.286 0.250 0.375 0.200  
Fis 0.750 -0.055 -0.333  0.059 0.138 0.811 0.520 0.571 -0.105 0.000  

Mm07

*** NS ***  NS * *** *** *** *** ***  
He 0.736 0.899 0.836 16 0.926 0.873 0.842 0.896 0.786 0.868 0.833 24
Ho 0.714 0.889 0.727  1.000 0.714 1.000 0.546 0.750 1.000 1.000  
Fis 0.032 0.011 0.135  -0.084 0.185 -0.204 0.403 0.053 -0.167 -0.333  

Mm08

NS NS NS  *** ** *** *** NS *** ***  
He 0.473 0.476 0.455 3 0.337 0.503 0.000 0.344 0.571 0.325 0.533 2
Ho 0.571 0.407 0.636  0.400 0.483 0.000 0.250 0.500 0.125 0.800  
Fis -0.231 0.146 -0.429  -0.200 0.042 - 0.283 0.143 0.632 -0.600  

PS56

*** NS ***  *** NS - * NS *** ***  
He 0.604 0.539 0.558 6 0.690 0.538 0.732 0.627 0.821 0.792 0.511 7
Ho 0.571 0.667 0.546  0.500 0.586 0.556 0.583 0.750 0.625 0.600  
Fis 0.059 -0.243 0.032  0.286 -0.092 0.252 0.072 0.100 0.222 -0.200  

Mm30

NS ** NS  * NS NS NS NS NS ***  
He 0.835 0.483 0.792 8 0.863 0.672 0.811 0.808 0.786 0.867 0.600 9
Ho 0.571 0.462 0.818  0.500 0.467 0.667 0.583 0.750 0.750 0.800  
Fis 0.333 0.046 -0.034  0.434 0.310 0.186 0.287 0.053 0.143 -0.391  

Mm40

* NS NS  *** ** NS ** NS NS ***  
He 0.571 0.574 0.771 7 0.942 0.882 0.830 0.844 0.893 0.917 0.600 17
Ho 0.571 0.444 0.727  1.000 0.929 1.000 1.000 1.000 0.875 0.600  
Fis 0.000 0.229 0.059  -0.067 -0.054 -0.220 -0.195 -0.143 0.049 0.000  

Mm43b

NS ** NS  *** NS *** *** *** NS NS  
He 0.200 0.352 0.247 2 0.111 0.552 0.523 0.159 0.429 0.508 0.000 4
Ho 0.200 0.370 0.273  0.111 0.467 0.444 0.167 0.500 0.625 0.000  
Fis 0.000 -0.053 -0.111  0.000 0.157 0.158 -0.048 -0.200 -0.250 -  

L1

NS NS ***  NS NS NS *** *** *** -  
He 0.584 0.568 0.593  0.686 0.711 0.652 0.636 0.688 0.687 0.515  
Ho 0.471 0.576 0.625  0.647 0.654 0.599 0.541 0.656 0.672 0.625  
Fis 0.206 -0.015 -0.057  0.059 0.080 0.087 0.156 0.053 0.023 -0.266  

Total

** NS NS  NS * NS ** NS NS **  
MNA 3.63 5.00 3.88  6.13 6.63 4.25 5.75 3.50 5.38 2.75  

n: sample size; Na: Number of alleles per locus across all sites; He: unbiased expected heterozygosity; Ho:
observed heterozygosity; MNA: mean number of alleles per site; N.S.: non significant; *: P<0.05; **:P<0.01;
***:P<0.001
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5.4.2 Inferences of past demography

D-loop

For M. bongolavensis Table 5-2 shows the results of Tajima’s test suggesting that there is no

clear signal for either selection or demographic change in the populations we sampled.

Similarly, the Fs values, while positive, are not very high and do not differ significantly from

zero.

For M. danfossi three of Tajima’s D values differed significantly from zero and all but

one were positive (Table 5-2). Similarly, all Fs values were positive and all but one were

significantly different from zero suggesting either a recent decrease in population size, or

potentially selective effects.

Microsatellites

For M. bongolavensis, the analysis based on summary statistics did not detect any significant

signal for a bottleneck in Maroakata, the only population with a sufficiently large population

size, whichever mutation model was assumed (Table 5-6). However, when information from

the full allelic distribution was used the two full-likelihood Bayesian methods indicated that

the population had been subject to a strong population collapse. More specifically, the mean

mode of all three runs of the current effective population size (N0) was at 2.00 and that of the

ancestral population size was at 4.15 (N1). This suggests that the effective population has

decreased by two orders of magnitude from approximately 14 000 to 100 individuals (Fig. 5-4

and 5). Also the modal values for the start of this collapse were around 180 years ago. The

Bayes factors gave significant evidence for a decrease starting after the human settled on

Madagascar 2 000 years ago (Table 5-7). When we asked which of the periods of human

colonization received most support, the highest Bayes factors were obtained for the two most

recent periods, so between 500-100 years ago and between 100-0 years ago.

For M. danfossi, the analysis was also only performed on the population having a

sufficiently large sample size (Ambarijeby). Here, all the analyses, including the summary

statistics test (for the IAM and TMP mutation models) suggested that there was a signature of

a population collapse (Fig. 5-4 and 5-5). The full-likelihood methods suggest (using the

modal values) that the population has most probably gone from about 11 000 individuals to a
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few hundred, and that this collapse probably started between 85 and 100 years ago. The Bayes

factors show the same pattern as for M. bongolavensis.

Table 5-6: BOTTLENECK 1.2.02 results for the different mutation models
Mutation model

Species Site IAM TPM SMM
M. bongolavensis ata 0.09766 0.32031 0.62891
M. danfossi jeby 0.00391* 0.00977* 0.27344

IAM: infinite allele model; TPM: two-phase model; SMM: stepwise mutation model;*: P<0.05
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Fig. 5-4: Posterior distribution of the population size change (log N0/N1) and time of change in
generations (log TF). For each population, three independent MCMC runs were done under the linear
population size change model (on top) and three under the exponential population size change model
(on the bottom). In this figure, for each population the three runs are plotted individually to produce
posterior distribution after the elimination of the burn-in. The dot-dashed lines represent the prior
distribution, the black lines Ambarijeby and the grey lines Maroakata.
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Fig. 5-5: Posterior distribution of the present (log N0) and past (log N1) population size and
the time in years since population collapse (log Time). For each population, three independent
MCMC runs were done with different sets of priors. The dot-dashed lines represent the prior
distribution, the black lines Ambarijeby and the grey lines Maroakata.
Table 5-7: Bayes factors for the different time periods tested.
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ata jeby
<100 vs. >100 4.46 5.36
<500 vs. >500 11.68 11.54
<900 vs. >900 18.55 15.49

<2,000 vs. >2,000 40.70 22.61
<10,000 vs. >10,000 361.28 51.04
 0-100 vs. not 0-100 4.46 5.37

100-500 vs. not 100-500 6.79 5.29
500-900 vs. not 500-900 3.76 2.78

900-2 000 vs. not 900-2 000 2.33 1.77
2 000-10 000 vs. not 2,000-10 000 0.62 0.81

Darker grey cells: significant; Lighter grey cells: positive evidence in favour of the most recent event.

5.5 Discussion

5.5.1 Genetic results

The different measures of genetic diversity yielded similar results for M. bongolavensis and

M. danfossi for the D-loop data set. However, the genetic diversity observed in

M. bongolavensis was slightly lower than that of M. danfossi for the microsatellites data set.

When comparing our results to other mouse lemur studies, we see that the number of D-loop

haplotypes per site of M. bongolavensis and M. danfossi were within the range found for

M. ravelobensis (Olivieri et al., submitted) but lower than in M. murinus (Fredsted et al.

2004). However, the π values are comparable in all four species, so that the high number of

haplotypes found in M. murinus is most probably due to the larger sample size (n = 205).

Interestingly, both M. bongolavensis and M. danfossi had a site that reached higher Hd values

than any site sampled for M. ravelobensis (Olivieri et al., submitted). In other words, we

observed variable levels of diversity in the D-loop of M. bongolavensis and M. danfossi, just

like in M. ravelobensis. There is no simple explanation for this over all three species. In the

case of M. ravelobensis, two very small forest fragments were those with the lowest level of

mitochondrial diversity. This pattern could not be found in the two species considered in this

study. For example, Marasakoa has the highest Hd level, although it is only 6.5 km2. Hardly

anything is known on the history of fragmentation in the distributions of M. bongolavensis

and M. danfossi. Hence, these very small fragment forests with relatively high levels of

genetic diversity might have reached their current size more recently than the others.
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Similarly, the values of He are very variable from site to site and loci to loci. When

observing the averages for each site across all loci, however, they were slightly lower for

M. bongolavensis than for M. danfossi. The M. danfossi values are similar to what was found

for M. ravelobensis (Olivieri et al., submitted) when considering all loci but lower than for

M. ravelobensis when omitting the non-polymorphic locus, and lower than for M. murinus

(Radespiel et al. 2003; Fredsted et al. 2005).

The genetic differentiation between sites is also comparable between M. bongolavensis,

M. danfossi and M. ravelobensis. Low to moderately high FST and high ΦST-values were

observed in all species. We showed that isolation-by-distance can partly explain these values.

However, this pattern was not found over all three species and both markers. Therefore,

alternative sources of explanation must also be considered. For M. ravelobensis, whether the

samples came from the same major forest zone also seemed to have an effect. For the two

species investigated in the present study, this can not be tested since all samples came from

distinct forest fragments.

We used several methods to determine the genetic structures between sites. Our results

showed that grouping patterns were very unstable. This could be due to the small sample sizes

or the lack of a real clustering pattern. The haplotype networks showed that haplotype sharing

was either absent or very rare. Also, no geographical structure could be observed in either

species.

Finally, signals of past population dynamics obtained for both analyzed sites were

comparable to those obtained for M. ravelobensis (Olivieri et al., submitted). Most

remarkably, the microsatellites data showed the same clear signal of a recent bottleneck for

Maroakata and Ambarijeby when using the full statistics and the Bayesian method. Therefore,

we can conclude that all three species have undergone a similar recent demographic history,

characterized by a strong population decrease, probably related to the human-driven impact

and deforestation.

Overall, our results imply that the two species presented in this study and

M. ravelobensis have undergone the same kind of ancient and recent demographic changes.

All three lemurs are distributed in neighboring regions that have similar soil, weather

conditions and vegetation. It therefore makes sense that the ancient forestation/deforestation

processes were similar. There is also no reason why anthropogenic pressure should have been
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different among these three inter-river systems. The data suggests that all three species

originally had a large effective population size that has dramatically decreased in recent times.

According to the microsatellite data, the population collapse led to a reduction in size by two

to three orders of magnitude and most likely took place in the last 500 years. The genetic

diversity we find today is still rather high, probably because the ancient populations were very

large and the bottleneck was recent, similar to the results found for the Borneo orang-utans

(Goossens et al. 2006).

5.5.2 Implications for conservation

The Malagasy government is in the process of tripling the surfaces of protected areas. A

group named the “Durban Vision Group” was formed after the President’s announcement at

the World Parks Congress in order to concretize this plan. It is composed, amongst others, of

representatives of the government, the many non-government organizations (NGOs)

established in Madagascar, ANGAP and the World Bank. Assisted by the IUCN, they studied

the best way to realistically reach the 10% coverage aimed for (Borrini-Feyerabend & Dudley

2005b, a). Several measures are planned. Of interest for our study, is the extension (~5 000

km2) of the existing network administrated by the ANGAP and the creation (~38 000 km2) of

a new type of protected areas. These new protected areas will differ from the existing ones in

that, that they will not be administrated by ANGAP. Each site will be managed by a set of

different partners, including the local communities, NGOs and members of the private sector.

The sites will be geographically limited but could consist of different zones that each would

have a specific purpose. Only a predefined percentage of the area will be a “zone of

conservation priority”. The remaining surface can be allocated to local activities or partners

based on predefined contracts (ecotourism, administration, research, exploitation by local

people). This new kind of management aims to promote participation from the local

communities and the NGOs.

An impressive amount of work has been done to define potential areas of interest

(Borrini-Feyerabend & Dudley 2005a). Over 60 regions, varying in surface from a few km2 to

almost 5 000 km2 are being considered. Of course, a long process is needed before such a

proposed area is officially protected and the sites are currently in different stages of this

process.
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To our knowledge, only one site is proposed for protection within the distribution of

M. bongolavensis and none within the distribution of M. danfossi. The one considered is the

forest of Bongolava. Officially, it is 606 km2. One of the sites visited for this study,

Maroakata, was very close to the forest of Bongolava. Although it was isolated, the distance

to the Bongolava forest was very small and probably not a permanent separation. Therefore,

the genetic measures we obtained for the site of Maroakata can be seen as an indication of the

diversity remaining in the Bongolava forest. According to our method of measuring forest

areas, the forest of Bongolava is only 97 km2. Our estimate is conservative and the official

one probably rather generous, the reality most certainly lies in between. In any case,

Bongolava is by far the biggest remaining forest in the distribution of M. bongolavensis. All

measures of genetic diversity determined in this study for Maroakata are above the mean of

the M. bongolavensis sites. Even when considering the levels of genetic diversity from

M. ravelobensis (Olivieri et al., submitted) and M. danfossi (this study), only two values (π

and Ho) are slightly under the average. Therefore, protection of the Bongolava/Maroakata

forest is highly advisable. Numerous studies have shown during the last years (review:

DeSalle & Amato 2004) that genetics offer an important tool for conservation and

management. The first assessment of genetic diversity and demographic history of the

Bongolava forest presented in this study could serve as the baseline data for the future

monitoring of this forest. Information relevant to both ecological and evolutionary time

frames can be gained, while possibly costing less and being more sensitive and reliable than

traditional monitoring approaches (e.g. Schwartz et al. 2007). In conclusion, the current

political situation might allow us to express cautious optimism for the survival of

M. bongolavensis and other species having a range limited by the rivers Mahajamba and

Sofia.

In contrast, the situation seems quite alarming for M. danfossi. The only forest fragment

listed in the National Network of Protected Areas is Bora. According to the official numbers,

this site is 48 km2 in size. In reality, we had trouble setting-up our 1 km trails for the traps

because so little forest remained. Surprisingly, the level of genetic diversity in this site was

not especially low compared to other sites. This could be due to the fact that habitat loss was

very recent and/or that we are comparing it to many sites that are just as small. Considering

the recent history and projecting to the future of the Bora forest, we do not need to fear the
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loss of genetic diversity as much as the loss of the entire population. Even if the infrastructure

to protect this forest would be efficiently increased in the near future, there would probably

not be enough habitat left to support viable lemur populations. We therefore think that it is

essential to put other forest fragments in the range of M. danfossi under protection. A recent

population genetic study on mouse lemurs has found evidence that populations in sites less

then 10 km2 in size may suffer from genetic depletion (Guschanski et al. in press). Four study

sites, Ambongabe, Mahatsinjo, Anjiamangirana I and Ankozany, were larger than this limit.

Among these, Anjiamangirana I seems most suitable for conservation efforts. It already has a

protection status; it is a Forêt Classée (Classified Forest). Therefore, commercial harvesting

is, in theory, not allowed without a permit but communities can practice traditional harvesting

of the forest products for non-commercial needs (Nicoll 2003). Because Classified Forests are

not managed by ANGAP, protection measures will only be effective if the local communities

or/and on NGOs initiate them. In Anjimangirana an infrastructure is presently being set-up

with the help of a NGO called the “Nippon Aye-Aye Fund”. Since this forest is easily

accessible for tourists and the very emblematic Aye-Aye (Daubentonia madagascarensis) can

be viewed there, ecotourism is a realistic alternative income for the local community.

However, Anjiamangirana I is much smaller than the forests of Ankarafantsika and

Bongolava, which protect M. ravelobensis and M. bongolavensis respectively. We therefore

advise further fragments to be put under protection in order to ensure the long-term survival

of M. danfossi and other species with a distribution limited by the rivers Sofia and

Maevarano. Unfortunately, no other fragment we visited for this study seems suited for

protection (too small, not accessible or/and no conservation interest from the local

community). However, it should be mentioned that further fragments might exists were not

visited between the rivers Sofia and Maevarano due to lack of access and time. Therefore, a

large-scale GIS-based monitoring program could possibly identify further fragments suitable

for conservation.

Ex situ conservation of M. bongolavensis and M. danfossi also might need to be

considered if protection measures of the in situ populations as proposed above are not

implemented in a near future. Several studies (Rabarivola et al. 1998; Wyner et al. 1999) have

shown that captive populations of lemurs can suffer from both inbreeding and outbreeding

depressions. Ex situ and in situ populations of other mouse lemur species have been studied in
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this respect (Neveu et al. 1998; Tomiuk et al. 1998). However, until now no data was

available for M. bongolavensis and M. danfossi. Our results show that both species have

relatively high levels of genetic diversity in some sites that could be considered as source

populations for founders of ex situ populations. However, other mouse lemur species are

known to have a certain level of substructure (Fredsted et al. 2004; Fredsted et al. 2005). This

might also be the case by M. bongolavensis and M. danfossi. We would therefore recommend

to act with caution and not capture the potential founder of the ex situ population to close to

each other.

In conclusion, we were able to show that both studied mouse lemur species still retain

relatively high levels of genetic diversity, despite small forest fragment sizes. However, we

can assume that the level was much higher in the ancestral population and has been steadily

decreased. In order to maintain the current level of genetic diversity and in view of the

dramatic rates of habitat loss in northwestern Madagascar, protection measures are urgently

needed. They are the best hope to ensure long-term survival of these but also other forest-

dwelling species of this biogeographic zone (e.g. Lepilemur grewcocki and L. otto). A priority

should be given to big forest fragments that still harbor an important gene pool (case of

M. bongolavensis). Where big forests are no longer present, several small forest fragments

need to be protected (case of M. danfossi).
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5.7 Appendix

Appendix 5-1: Linkage disequilibrium between pairs of loci. Only significant values are
indicated

M. bongolavensis M. danfossi
Est ata bibo Amb jeby Bora koa injo Anji zany

Mm03-Mm07      2.90%    
Mm03-Mm08  4.00%    1.00%    
Mm03-PS56      --     
Mm03-Mm30           
Mm03-Mm40 4.20%          
Mm03-Mm43b  3.80%  0.50% 1.40%   0.40%
Mm03-L1          --
Mm07-Mm08    0.50% 2.80%   --
Mm07-PS56      --     
Mm07-Mm30           
Mm07-Mm40           
Mm07-Mm43b     0.20%     
Mm07-L1  4.40%        --
Mm08-PS56      --     
Mm08-Mm30           
Mm08-Mm40           
Mm08-Mm43b         4.80%
Mm08-L1          --
PS56-Mm30      --     
PS56-Mm40     --     
PS56-Mm43b      --     
PS56-L1      --   3.90% --
Mm30-Mm40      0.40%  2.80%
Mm30-Mm43b           
Mm30-L1          --
Mm40-Mm43b  2.20%     1.10%  2.10%
Mm40-L1          --
Mm43b-L1          --

--: no value available since one of the microsatellites from the comparison is monomorphic for that site.
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6 Fifth study

Forest type characterization and microhabitat

preferences of mouse lemurs species in northwestern

Madagascar

6.1 Abstract

Recent work on mouse lemurs in northwestern Madagascar has revealed highly divergent

geographic ranges. Three species have broad distributions that are not limited by wide rivers

while the other species can only be found within single Inter-River-Systems. Furthermore,

species with broad distributions have so far been observed in several forest types while the

others are typically only known from one. In this study, we aim to test if this is a general

pattern or is simply due to the lack of ecological data on the species with smaller ranges. We

therefore visited 18 forest fragments in northwestern Madagascar and collected night census

data, capture data, ecological data, and human disturbance data along 1 km trails.

Microcebus spp. was present in 17 sites and between two to seven other lemurs species were

either seen by us or reliably described by local people. Density of Microcebus spp.

significantly correlated with capture rates, indicating that both measures give reliable

estimates of individual abundance. Population densities of mouse lemurs correlated

negatively with signs of human presence. We show that almost all mouse lemur species are

present in different forest types and can occur in sympatry with up to three other cheirogaleid

species. We therefore conclude that the presence/absence of a given species can not be simply

explained by the forest type and that microhabitat preferences need to be considered. We

conducted such a microhabitat analysis for M. murinus for which sufficient data was

available. We compared trails where the species was present to those where it was absent. A

factor analysis could not clearly differentiate the forest density and forest structure of these

trails.
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6.2 Introduction
The presence or absence of a given primate species at a given site within its geographical

range may depend on several factors. Habitat structure, floral composition, predation risk and

levels of interspecific competition have often been shown to explain not only the

presence/absence but also densities, group sizes, group composition and behavior of different

haplorhines and strepsirrhines (Schwarzkopf & Rylands 1989; Overdorff 1996; Rosenbaum et

al. 1998; Warner 2002; Enstam & Isbell 2004; Lehman 2004; Schwab & Ganzhorn 2004;

Boinski et al. 2005; Sinha et al. 2005; Grassi 2006).

In this study, we are interested in understanding how habitat characteristics influence

the presence/absence and densities of different lemur species in general and the different

mouse lemur species (Microcebus spp.) in particular. The latter genus, which is endemic to

Madagascar, is known to live in many different forest habitats throughout the island. In the

last few years, many new species of these small-bodied nocturnal primates have been

described (Schmid & Kappeler 1994; Zimmermann et al. 1998; Rasoloarison et al. 2000;

Yoder et al. 2000; Pastorini et al. 2001; Kappeler et al. 2005; Louis et al. 2006; Olivieri et al.

2007), revealing an interesting contrast in the sizes of their geographic ranges. Along the west

coast of Madagascar, some species (M. murinus, M. griseorufus and M. myoxinus) have broad

distributions not limited by wide rivers, while other species are know only from restricted

zones limited by two adjacent large rivers (or Inter-River-Systems, IRSs) (M. ravelobensis,

M. berthae, M. tavaratra, M. sambiranensis, M. bongolavensis, M. danfossi and

M. mamiritra). Due to their predominant fur color, M. murinus and M. griseorufus are often

referred to as grayish mouse lemurs while the others are known as reddish mouse lemurs. The

three species with broader distributions have been reported in more than one forest habitat

type, whereas the species limited to one IRS are currently known from only one (review:

Radespiel 2006). As pointed out by Radespiel (2006), it might be premature to interpret these

findings as they could be an artifact of the number of studies that have been conducted on

each species. Typically, species with broader distributions were described first and there are

therefore more studies available for them. Another reason why these findings need to be

considered with caution is the fact that many studies give only a very imprecise description of

the habitat type. This might have lead to misclassifications. Nevertheless, we can hypothesize
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that M. murinus, M. griseorufus and M. myoxinus may be ecological generalists while the

other species may be ecological specialists.

Due to the contrasting sizes of the distributions of Microcebus spp. in western

Madagascar, the ranges of two to three species may overlap in certain regions. Sympatry is

known to occur between (1) M. murinus and M. berthae in the Kirindy forest in western

Madagascar (Schmid & Kappeler 1994; Rasoloarison et al. 2000), (2) M. murinus and

M. ravelobensis in Ampijoroa in northwestern Madagascar (Zimmermann et al. 1998;

Rendigs et al. 2003) and (3) M. griseorufus and M. murinus in Beza Mahafaly and Berenty

Private Reserve in southern Madagascar (Rasoloarison et al. 2000; Yoder et al. 2002;

Heckman et al. 2006). All mouse lemurs so far studied seem to have a very similar feeding

ecology (review: Radespiel 2006) so that they potentially compete with each other when

living in sympatry. Also, other resources, such as sleeping sites, have been reported to be

scarce and may potentially cause interspecific competition. In some study sites where the

geographic range of two or more species overlap, long term research has shown that only one

species occurs (e.g. Jardin Botanique B in Ampijoroa, Rendigs et al. 2003). It is therefore of

interest to see if there are any differences in microhabitat characteristics between species that

could explain why they sometimes live in sympatry and sometimes not, and how they avoid

competition when they do.

Previous studies revealed species-specific differences between used and unused

microhabitats of M. murinus, M. ravelobensis and M. berthae in zones of sympatry.

M. ravelobensis and M. berthae seem to depend on the presence of lianas (used as sleeping

sites) and prefer open microhabitats (Rendigs et al. 2003; Schwab & Ganzhorn 2004). The

different studies conducted on M. murinus do not show such clear distinctions. While some

studies tend to show that this species favors relatively intact primary and diverse forest types

(Ganzhorn & Schmid 1998; Ramanamanjato & Ganzhorn 2001; Rendigs et al. 2003) others

indicate that M. murinus may not be very specialized as it can survive in disturbed and

secondary forest or even in plantations (Ganzhorn 1987, 1995; Ganzhorn & Schmid 1998;

Radespiel & Raveloson 2001; Schwab & Ganzhorn 2004). In other words, it is still not clear

how human disturbance affects mouse lemur presence/absence or densities.

Other members of the Cheirogaleid family are further potential competitors to mouse

lemurs. This is especially the case with Cheirogaleus spp., since these primates have a similar
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diet to mouse lemurs and also often sleep in small tree holes. A study by Lahann (2007)

showed, for example, that M. murinus, C. medius and C. major live in sympatry in the littoral

rainforest of southeast Madagascar and feed on fruits with similar morphological and

biochemical characteristics but feed at different heights. Defining which other Cheirogaleids

are present at which densities therefore seems relevant to understand the presence/absence

pattern of mouse lemur species.

In summary, previous studies gave us indications of what may limit the occurrence of

some mouse lemur species or how they may avoid direct competition when living in

sympatry. However, it is so far not possible to say if these observations can be generalized or

are limited to the respective study area. Moreover, comparisons between studies are delicate

since field methods often differed between studies. Only a study comparing many different

sites involving several mouse lemur species can overcome these limitations.

In this study, we give a general description of 18 forest fragments in northwestern

Madagascar based on our personal observations and interviews of local people. Night census

walk along 1 km trails and all occurrence observations during the day furthermore allowed us

to define the lemur community present in each site. Furthermore, we calculated the density of

all mouse lemur species for each site. Capture sessions along the same trails gave us an

estimation of the number of individuals present and allowed us to determine the relative

species abundance. Finally, forest density, forest structure and signs of human disturbances

were recorded along the trails. This data was analyzed in order (1) to determine microhabitat

requirements of M. murinus (only species with enough available data) and (2) determine how

human disturbances influences the density of Microcebus spp.. Since the analyses of the

microhabitat preferences are preliminary, suggestions are made on how these could be

refined.

6.3 Material and methods

6.3.1 Data collection

We visited 18 sites in northwestern Madagascar during three field seasons in 2003, 2004 and

2005 (Fig. 6-1). This region was divided into six Inter-River-Systems (IRSs). The names,

IRSs and geographic coordinates of the sites are given in Table 6-1. Most of the sites were in

unprotected forests. Exceptions were Bora, Anjiamangirana I, and Sahamalaza, which had



Chapter 6 Habitat differentiation

169

different protection levels as indicated in Table 6-1. Forest fragment sizes varied between 0.7

and 40.8 km2. These values were all calculated with the help of satellite pictures from the year

2000, GPS coordinates taken on site, and ARC VIEW GIS 3.3 software. An example of how

this was done is given in Appendix 6-1.
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Fig. 6-1: Map of northwestern Madagascar indicating the 18 study sites and the Inter-River-Systems
(IRSs).
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Table 6-1: Descriptions of the study sites
Site Name Abb IRS Longitude Latitude Size

(km2) Forest Type Protection
status Data collection #

trails
Lengths of trails

(m)
Madirovalo Madi 0 -16.38349 46.47725 1.3 Gallery f. none 05.06-18.06.03 2 1000

Mangatelo telo Ia -16.41015 46.97792 17.7 Dry deciduous f. none 24.05. - 28.05.03 and
21.06. - 28.06.03 2 1000

Tsiaramaso Tsia Ia -15.80527 47.12282 4 Dry deciduous f. none 08.10. - 20.10.03 3 1000
Mariarano Mari Ia -15.47968 46.69562 32.6 Dry deciduous f. none 04.07. - 20.07.03 2 1000
Tanambao Tan Ia -15.47002 46.66213 36.4 Dry deciduous f. none 28.07. - 10.08.03 3 1000

Le Croisement Le Ib -16.85253 47.02606 1.1 Gallery f. none 10.05. - 23.05.03 2 1000
Maroakata ata II -16.08521 47.30266 2.0+97 Dry deciduous f. none 24.08. - 06.09.03 3 1000

Tsinjomitondraka Tsin II -15.64631 47.12866 40.8 Dry deciduous f. none 14.08. - 28.08.04 3 1000+1000+500
Ambodimahabibo bibo II -15.49572 47.47992 11.1 Dry deciduous f. none 27.07. - 11.08.04 3 1000

Ambongabe Amb III -15.32541 47.67631 16.0 Dry deciduous f. none 12.09. - 29.09.03 4 1000
Marasakoa koa III -15.26315 48.29480 6.2 Dry deciduous f. none 12.07. - 24.07.04 3 1000+1000+500

Anjiamangirana I Anji III -15.15271 47.73488 12.1 Dry deciduous f. Classified Forest 15.09. - 01.10.04 3 1000
Ambarijeby jeby III -14.94456 47.71176 1.5 Dry deciduous f. none 25.05. - 05.06.04 2 1000

Bora Bora III -14.86446 48.20700 36.8 Transition f. Special Reserve 09.06. - 09.06.04 2 880+960
Mahatsinjo injo III -14.78770 47.78558 11.8 Dry deciduous f. none 01.09. - 12.09.04 3 1000
Ankozany zany III -14.52483 48.20652 20.8 Dry deciduous f. / plantations none 07.10.-18.10.05 2 1000

Ambogomamy mamy IV -14.49724 48.21841 0.7 Dry deciduous f. none 26.09.-06.09.05 2 1000
Sahamalaza Sah IV -14.37994 47.75731 2.3+1.2 Transition f. National Park 06.10. - 20.10.04 3 1000

Abb: abbreviation; IRS: Inter-River-System; # trails: number of trails set in the forest fragment for night census walks, capture sessions and characterization of the
forest; f.: forest.
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When possible, interviews with local people were conducted to find out more about the

recent changes of the forest, their knowledge of lemurs, their concern about ecological

problems and the usage of the forest. The list of questions was based on the ones given in

Appendix 6-2 but was adapted to the knowledge and motivation of the interviewed person.

In each site, two to four trails were set up in the forest. Most of the trails were 1000 m

long and continuous. However, it was sometimes not possible to do such long or continuous

trails. Along the trails, flags were attached to the vegetation every 20 m.

Three night census walks were conducted along most trails. All night census walks took

place between 18:15 and 20:45. Two persons walked along the trails at a speed of about

0.5 km/h with headlamps, one looking to the left, and the other to the right. Each time a lemur

was spotted, the following data were recorded: time, position of the observer, species, number

of individuals, side of trail, distance between observer and animal, perpendicular distance

between trail and animal, height of animal, angle between animal-observer-line and trail, and

activity. For mouse lemurs, only the genus was indicated since species recognition is not

reliably possible at distance.

Along each trail, at least three mouse lemur capture sessions were conducted. For each

session, two Sherman life traps baited with banana were set up every 20 m, in most cases

totalling 102 traps per trail. They were set up shortly before sunset and controlled early the

next morning. Captured individuals were brought back to camp where they were measured

and individually marked. Preliminary species determination was based on the color pattern

and the morphometric data. It was later revised according to the genetic results obtained in

another study (Olivieri et al. 2007, see chapter 3). All animals were released at their capture

location the evening following their capture.

During day time, the forest structure along most trails was determined. Each 40 m, the

vegetation within an imaginative circle of 10 m diameter was considered. Three types of data

where collected for this circle: (1) vegetation density, (2) vegetation structure, (3) signs of

human presence.

• To determine the vegetation density, the percentages of cover due to different strata of

vegetation was noted. The strata of vegetation were: 1st tree stratum (taller than 10 m), 2nd

tree stratum (between 5 and 10 m), 3rd tree stratum (between 3 and 5 m), shrub stratum

(between 0.5 and 3 m), herbaceous stratum and exposed soil.
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• The determination of the vegetation structure was based on the Point-Centre Quarter

(PCQ) method (Müller-Dombois & Ellenberg 1974). Each imaginative circle was divided

in four quarters. For each quarter, three types of trees were considered: those with a

diameter at breast height (DBH) over 10 cm, those with a DBH between 5 and 9.9 cm, and

those with a DBH between 2 and 4.9 cm. For each of these tree types, the individual

closest to the observer was chosen and the following measures were estimated: distance

between observer and tree, height of tree, height at which the branches start, diameter of

tree at DBH and percentage of sun received by the tree top. If no tree of a given type was

available within the imaginative circle, no data was collected. Moreover, the distance to

the nearest tree with and without lianas, to the nearest bush with a diameter bigger than

1 m and to dead wood were also noted. At last, for the dead wood, the diameter and length

were recorded.

• Signs of human presence were determined as the number of digging holes, the number of

cut trees, signs of zebus (dung, foot steps, zebu chart trail), signs of fire and others within

the 10 m circle.

Table 6-2 summarizes all the collected variables and indicates the abbreviations used for the

rest of the study. With the exception of five trails (Appendix 6-3), all data was collected by

the same person.
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Table 6-2: List of variables collected to define the vegetation density and the vegetation structure
along the trails
Type of data Variable Abb.

Cover due to 1st stratum  st1
Cover due to 2nd stratum  st2
Cover due to 3rd stratum  st3
Cover due to shrub stratum  star
Cover due to herbaceous stratum  sther

Vegetation density
(once per point)

Cover due to exposed stratum  stexp
Distance between observer and tree D10
Heights of tree H10
Heights of branching T10
Diameter at DBH Dia10

DBH>10 cm

Percentage of sun received O10
Distance between observer and tree D5
Heights of tree H5
Heights of branching T5
Diameter at DBH Dia5

DBH 5-9.9 cm

Percentage of sun received O5
Distance between observer and tree D2
Heights of tree H2
Heights of branching T2
Diameter at DBH Dia2

DBH 2-4.9 cm

Percentage of sun received O2
Distance to tree with lianas  Alia
Distance to tree without lianas  Slia
Distance to bush dia > 1 m  Bush
Distance to dead wood  Ddead
Diameter of dead wood  Diadead

Vegetation structure
(in each quarter)

Length of dead wood  Ldead
Number of digging holes  Holes
Number of cut trees  Cutt
Signs of zebus  Zeb
Signs of fire  Fire

Human presence
(in each quarter)

Other  Oth
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6.3.2 Data analyses
A short description of each site was generated based on our personal observations and the

information obtained during the interviews. For this description, the forest in general, and not

only our trails, was considered.

Encounter rates for all lemurs species observed during night census walks were

calculated. For group living animals, the group encounter rate and the mean group size were

determined. For many species, observations were too low to be able to calculate a reliable

density. We therefore chose to only give encounter rates for all species to allow comparisons.

For the species that were only observed very rarely or during day time, a sign for confirmed

presence was given. For species that were not observed, but were reliably reported by locals,

unconfirmed presence was indicated.

Furthermore, for mouse lemurs, population densities were calculated according to the

Müller et al. (2000) method. They were estimated for each trail separately and then averaged

for each site. When several mouse lemur species were caught at the same site, the overall

density was indicated as well as the relative densities of both species based on the proportion

of captured individuals for each species. Capture and recapture rates were also calculated for

each species in each site. Finally, capture rates were correlated to population densities in order

to see if both measures give comparable relative estimates of population sizes in a site.

For each trail, the mean of all variables collected to determine the vegetation density

and the vegetation structure were calculated. For the PCQ, when a tree type was not available,

the variable Dx was replaced by a dummy distance in order to avoid underestimating this

variable. The dummy distance was different for each trail and each type of tree. It was

determined as follow: the mean Dx was calculated from the available data. The number of

quarters where this variable was not available was determined for each trail and each tree

type. Quarters with no trees at all (e.g. savannah) were not considered in this count. The

dummy distance equaled the product of the mean Dx times the number of quarters without

data available. This way of calculating the dummy should be a realistic approximation of the

real distance since the more quarters we found without the type of tree considered, the less

densely they were present.

We were interested in finding out if there were differences in the vegetation density and

the vegetation structure between sites where a species was present, and sites where a species
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was absent but could have been present based on its distribution. Unfortunately, we only had

enough data to do this comparison for M. murinus. We had a total of 19 trails where

M. murinus was either captured (Mangatelo A and B, Tanambao A and B, Maroakata A, B

and C, Tsinjomitondraka A and B) or was not captured but could have been present based on

its distribution (Madirovalo A and B, Mariarano A and B, Tsiaramaso A, B and C,

Ambodimahabibo A, B and C). We conducted a factor analysis with the software Statview 5.1

to see which variables of the vegetation density and the vegetation structure can best explain

the presence/absence of M. murinus in a site. The factor extraction procedure was a “principal

component analysis” using the “default method” as the extraction rule, plus an

“Orthotran/Varmix” transformation. For this analysis, only n-1 variables can be considered,

where n is the number of cases. Since we had 19 cases, we could not consider all the variables

collected. We therefore reduced the six stx variables to three by adding them together two by

two (st1+st2; st3+star; sther+stexp). Furthermore, we decided not to consider the follow

variables: Dia10, Dia5, Dia2 (since it was the parameter use to categorize the trees), Bush

(very few values available) and Diadead, Ldead.

Correlations between densities of mouse lemurs as dependent variables and rate of

human disturbance as independent variables where calculated. To determine the rate of human

disturbance for each trail, the variables Holes, Cutt, Zeb, Fire, Oth were either coded with a

one when something was indicated or a null when the cell was empty. The ones were counted.

In other words, each quarter could get up to five points. The total of these counts were divided

by five times the number of quarters on each trail. This mean rate of human disturbances for

each trail in a site was considered for the correlation.

6.4 Results

6.4.1 Site description

Madirovalo

Several forest fragments along river beds were left in this region. It was difficult to estimate if

and how they were connected among each other. We worked in a small fragment (1.3 km2)

with a high canopy that was variable in its vegetation density. We found many traces of

human activity, including three devices for wood cutting, animal traps, blowpipe arrows and

small burnt patches. The locals told us they did not know it was forbidden to hunt lemurs,
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which they admitted doing frequently (from Propithecus to Microcebus). Wild boars were

also hunted. We observed four species of lemurs, including Propithecus coronatus (Table 6-

3).

Mangatelo

The forest fragment was relatively big (17.7 km2) but contained hardly any big trees. It

seemed to be a secondary forest. We found lots of traces of human activity in the forest.

Along the trails we set, there were seven charcoal ovens and we often encountered zebu in the

forest. The only lemurs we observed were mouse lemurs. The villagers told us that mouse

lemurs were hunted and that Cheirogaleus sp. also occurred. Elders reported that there used to

be larger-bodied lemurs in this forest. The local community had set up a “Gestion locale

Sécurisée des ressources renouvelables” (GELOSE). Thereby, a group of villagers should

assure that common resources are used in a sustainable way. In Mangatelo, this group did not

seem to be very effective.

Tsiaramaso

This small (4 km2) forest fragment had a disrupted canopy and was made up of many big fruit

trees (mostly mango trees). The forest contained many patches of savannah. Cattle were

omnipresent. As the zebu were eating everything they could reach for, there was hardly any

lower canopy left. Several small forest fires were set while we were there. Moreover, a few

very big trees were cut down to make canoes. It was taboo (fady) for the local community to

hunt lemurs but the neighboring villages did hunt with blowpipes. Everyone is allowed to

hunt bats (with nets) and small carnivores. We observed four species of lemurs (Table 6-3).

Mariarano

This forest fragment was one of the biggest (32.6 km2) we visited and showed little signs of

utilization by humans. The canopy was not especially high but the forest was very dense. We

observed five species of lemurs and the villagers furthermore gave reliable descriptions of

Cheirogaleus. The villagers seemed very conscious about deforestation problems. They also

had set up a GELOSE, which, according to them, had been efficient in reducing hunting on

lemurs. A member of GELOSE regularly patrolled the forest and hunters were being fined at

the time of the interview. However, we found some destroyed Lepilemur sleeping sites. Fruit

bats (with nets and blowpipes), tenrecs (with dogs), wild boars and fosa were also being



Chapter 6 Habitat differentiation

177

openly hunted. Elderly people had the feeling that lemur densities had diminished over the 50

years prior to our study.

Tanambao

This forest fragment was very close to the one of Mariarano and only separated by a river

bordered by mangroves. The size of this fragment was also relatively big (36.4 km2) even

though it was not continuously forested. The canopy was not very high and forest density was

very variable. We found traces of human activity: Trees were being cut down by the villagers

to produce charcoal. Secondly, wood companies based in Mahajanga were coming twice or

three times a year to cut down the biggest trees. The villagers told us it was illegal but that

there was not much they could do about it. We found seven different lemur species in this

forest and it was the only site were we could confirm the presence of Phaner (Table 6-3). The

belief of the people coming from this region forbids them to hunt lemurs. Many people that

have migrated to this region, however, did hunt lemurs. We found destroyed Lepilemur

sleeping sites and blowpipe arrows in the forest.

Le Croisement

Only very small and unconnected forest fragments remained in this region. They were

difficult to access as they were confined to very steep slopes. The forest fragment we worked

in (1.1 km2) was in a valley and had a small river flowing at the bottom of it. There were only

few traces of human activity in the forest itself, probably because it was so difficult to access.

Tall trees and a dense vegetation cover characterized the forest fragment. Around the forest

fragment, traces of recently cut big trees were frequent as well as signs of fire. Cattle grazed

around the forest fragment. We found traps for wild boars in the forest. The villagers told us

that lemurs where often hunted either for meat or to sell as pets to peoples living in the city.

Most of the villagers we came across in this isolated region were looking for gold in the

extensive river system. There was no local organization aiming to protect the environment.

We only observed three lemur species.

Maroakata

The forest fragment we worked in was small (2 km2) but next to a much bigger forest

(Bongolava, 97 km2). These two forest fragments were probably still connected, at least in the

near past. A river (also called Maroakata) was flowing through the fragment we worked in.



Chapter 6 Habitat differentiation

178

The forest canopy was very high and closed. We found signs of fires in both our fragments

and in Bongolava. Our guides told us that lemurs were frequently hunted. They said that it

was, however, becoming difficult to find the animals. We could confirm the occurrence of

three lemur species (Table 6-3) although Bongolava might contain more.

Tsinjomitondraka

The forest around the village of Tsinjomitondraka had big trees and was very dense. It was

relatively big (40.8 km2). Unfortunately, the villagers reported that the number of fires had

greatly increased during the years prior to our study. Moreover, lemurs were frequently

hunted. We found several arrows from blowpipes and the villagers explained us without

hesitation how they proceed. They also gave a realistic description of Lepilemur and claimed

they were still present in the forest a few years ago. The village leaders seemed to have

realized the importance of preserving the forest and started taking measures to diminish

deforestation and hunting. We observed four lemur species in this site and got an accurate

description of Cheirogaleus from the local community (Table 6-3).

Ambodimahabibo

The forest near the village of Ambodimahabibo was relatively small (11.1 km2). It showed

only a few traces of human activity but had been severely damaged by the cyclone Gafilo

(March 2004). Limited areas had been burnt down. The dry deciduous forest contained

relatively tall trees and had a dens canopy. The forest belonged to several villages that were

more or less involved in projects aiming to protect it (Table 6-3).

Ambongabe

The forest of Ambongabe belonged to three villages. The forest was dense and the size of the

fragment was medium (16 km2). We found many signs of wood clearing. We were told that

the wood was mostly being used to build huts. Fires were also very frequent. The villagers

seemed interested in setting up a fire surveillance system. We found destroyed sleeping holes

of Lepilemur and we hardly heard these animals calling at night. This might be a further sign

of a high hunting pressure (Scheumann et al. 2007). The villagers told us that they use

blowpipes and traps to capture lemurs that they either eat or sell as pets.
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Marasakoa

We could hardly find any forest in this region. We worked in a dry deciduous secondary

forest that was in a very bad shape. The fragment was small (6.2 km2) and the canopy very

disrupted. We only observed Microcebus and Cheirogaleus along the trails we set up (Table

6-3). However, we also visited a slightly bigger forest fragment near by and saw Propithecus

coquereli. Our guide told us that Eulemur fulvus fulvus was also present. We spend 12 days in

this site and saw two trucks filled with rosewood drive by, even though our camp seemed to

be very isolated. The villagers knew that this practice is illegal but argued that they need the

money and that there are no controls anyways. Lemurs were also hunted in this region.

Anjiamangirana I

This forest is a classified forest where protection measures are being implemented with the

help of a non-governmental organization called the “Nippon Aye-Aye Fund”. Three guides

had been educated. They patrol the forest to prevent further exploitation and welcome

tourists. Although there still were fires, we were told that they had become less frequent. It

was a dry deciduous forest with tall trees and a relatively dense canopy. We found signs of

hunting on lemurs, wild boars and bats. The forest fragment we worked in was 12.1 km2

although the whole protected area is 140 km2. It belongs to several villages. We saw six lemur

species, including Daubentonia madagascariensis (Table 6-3).

Ambarijeby

In this region, several forest fragments were present, some of them quite big. Unfortunately,

we could not work there as they were either sacred or had no flowing water. We were

therefore obliged to set our camp in a small forest (1.5 km2). The dry deciduous vegetation

was made of small trees and with a medium dense canopy. We observed a few signs of tree

cutting and fires. Lemurs (hunted by blowpipes and traps), wild boars, fosas, and bats were all

being hunted in the region. The local community had no system to protect the forest. We only

saw two lemur species, although Cheirogaleus was probably also present (Table 6-3).

Bora

Although Bora is protected (Special Reserve or Réserve Spéciale), this forest is in a miserable

state. It is highly deforested, so that we could not set our 1 km trails without them being

interrupted. Traces of deforestation and fires were everywhere. Few bigger trees were
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surrounded by shrubs that grow after primary forest is cut down. We could hear chain saws

every morning, cutting the last big trees. No controls were done while we were there.

Moreover, a violent cyclone (Gafilo) uprooted many trees in March 2004. The little patches of

remaining primary forest had very tall trees with a medium dense canopy. Hunting lemurs

was fady for the local villagers. Among the six lemur species that have been reported in this

forest, we only saw four (Table 6-3). Randrianambinina et al (2003) described this forest as

being transitional.

Mahatsinjo

The dry deciduous forest of Mahatsinjo grows on a sandy soil. The trees were not very tall

and the vegetation density was variable. The forest was interrupted with many patches of

savannah. No water was available during the dry season. The nearest village is 13 km away

but there were many signs of human activity in the forest. Some parts had recently been burnt

down. We were not able to find out if the villagers hunt lemurs. We observed four lemur

species (Table 6-3).

Ankozany

Our trails were set in a fragment that was made of a mixture of natural forest and plantations.

Cacao, coffee and banana trees were the main tree species planted by men. There was

accordingly much human activity. The natural forest was relatively well protected since it

provided useful shade for the plantations. Lemurs, including Microcebus, were being hunted

since they eat the fruits. A few people, however, seemed to be aware that lemurs can also be

helpful by spreading seeds. The large river Maevarano bordered the plantation. Crocodiles

were also hunted there. We only saw two species of lemurs, although the villagers told us

there were at least two others (Table 6-3).

Ambogomamy

Although this forest fragment was south of the Maevarano, and therefore belongs to the same

transition zone as Sahamalaza (see below), its vegetation on soil was more typical of dry

deciduous forest. Several of these fragments remained in this region. We worked in one of

them which was only 0.7 km2. The vegetation was variable. The flat parts had hardly any

trees left and contained only secondary forest. On the slopes, bigger trees were still present.

Signs of human activities were not very high in the forest although the neighboring village
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was very close. The villagers told us, however, that they did hunt lemurs but less frequently,

since lemurs were becoming rare. They had also organized themselves in a GELOSE. We

observed three species of lemurs although the local people gave realistic descriptions of four

others that supposedly could be found in near by forests (Table 6-3).

Sahamalaza

The forest was in the transitional zone of the Sahamalaza peninsula. The vegetation is a

mixture of some species typical for dry forest and others typical for the more humid

Sambirano domain. The forest fragment we visited is part of the recently established Parc

National de Sahamalaza – Iles Radama (Aire Protégée Terrestre, Marine et Côtière). The

Sahamalaza Peninsula is also an UNESCO Biosphere Reserve since 2001. This protected

zone is made up of several forest fragments that are more or less connected to each other.

Some fragments contained still primary vegetation and had high vegetation densities. Others

had already been exploited (clearing of forest for agriculture and timber-cutting for charcoal

and construction) and also suffered from the passage of the cyclone Gafilo. Secondary

vegetation was starting to grow there again. We set our trails in two fragments of 2.3 and

1.2 km2 in size. We could confirm the presence of four lemur species. It was the only site we

visited that did not have any Microcebus (Table 6-3).
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6.4.2 Encounter rates of all lemurs

We observed between one and eight species per site (Table 6-3). However, in eight sites, there

probably were one to four other species that we did not see. This could have been due to the

fact that (1) some species were in torpor (Cheirogaleus) or (2) some species were not present

in the fragment we were working in but in neighboring ones, or (3) that the species occurred

there until recently but had locally gone extinct shortly prior our study. The genus Phaner was

only observed in Tanambao, and Daubentonia only in Anjamangirana I. However, the latter

was also reliably described in two other sites (Bora and Ambongomamy). The genus most

frequently observed was Microcebus. It was absent only in Sahamalaza. Among the bigger-

sized lemurs, Eulemur (13 sites observations plus 2 unconfirmed) was the most frequent,

closely followed by Propithecus (12 confirmed sites). Medium sized nocturnal species were

not seen in many sites (Lepilemur: 7 confirmed sites plus one unconfirmed; Avahi: 3

confirmed sites). Encounter rates varied between 0.33 ind./km and 23.33 ind./km in solitary

foragers (sol). Encounter rates of Cheirogaleus should, however, be treated with caution since

the observations were carried out during the dry season when Cheirogaleus is known to

hibernate. Encounter rates of pair- or group-living genera (Gr) varied between 0.18 groups/km

(Propithecus in Bora) and 4.17 groups/km (Lepilemur in Sahamalaza). The genera known to

live in pairs (Lepilemur and Avahi) typically had smaller group sizes (mean: 1.34 and 1.86

respectively) than the other group-living species (mean: Eulemur = 3.44 and

Propithecus = 2.67). In the following sites, encounter rates of a specific genus was especially

high: Mariarano for Microcebus, Sahamalaza for Lepilemur, Bora for Avahi and

Tsinjomitondraka for Propithecus.
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Table 6-3: Encounter rates, confirmed and supposed occurrences of lemur species in 18 forest fragments of northwestern Madagascar
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Madirovalo 9.83 A - - - 0.83 / 1.00 K + N - + P - - 4 / 4
Mangatelo 16.46 B (+) - - - - - - - - 1 / 2
Tsiaramaso 17.00 C 2.33 - - - + L - 1.11 / 2.67 O - - 4 / 4
Mariarano 23.33 C (+) - - 1.50 / 2.50 G + L 0.67 / 2.5 0.50 / 3.00 O - - 5 / 6
Tanambao 11.43 B/C + - + 1.29 / 1.22 G + L 0.57 / 1.29 1.43 / 3.50 O - - 8 / 8

Le Croisement 3.83 A + - - - + L - - - - 3 / 3
Maroakata 9.33 B/D + - - - + L - - - - 4 / 4

Tsinjomitondraka 13.17 B (+) - - - 0.50 / 3.33 L - 2.17 / 2.69 O - - 3 / 4
Ambodimahabibo 7.56 D + - - 2.89 / 1.08 I 0.66 / 5.00 L - 0.50 / 2.00 O - - 5 / 5

Ambongabe 8.56 E 0.44 - - 0.89 / 1.00 H + L - 0.44 / 2.50 O - - 5 / 5
Marasakoa 6.93 E + - - - (+) L - + O - - 2 / 4

Anjiamangirana I 5.11 E 0.78 - - 0.33 / 1.11 H + L - 0.33 / 1.67 O + - 6 / 6
Ambarijeby 6.17 E (+) - - - - - 0.83 / 2.20 O - - 2 / 3

Bora 1.27 E (+) - - - 0.54 / 2.00 L 1.81 / 1.80 0.18 / 2.00 O (+) - 4 / 6
Mahatsinjo 6.00 E 0.50 - - - + L - 0.33 / 4.50 O - - 4 / 4
Ankozany 2.17 E 2.33 (+) - - - - - - (+) 2 / 4

Ambogomamy 1.50 F 0.33 0.67 - (+) (+) Q - - (+) (+) 3 / 7
Sahamalaza - 2.00 1.00 - 4.17 / 1.48 J + M - - - - 4 / 4

All sites (mean) 8.80 1.24 0.84 / 1.70 / 1.34 0.57 / 3.44 1.02 / 1.86 0.78 / 2.67 / / 3.83 / 4.61
Sol: Solitary foragers; Gr: group living species (group encounter rate / mean group size) ; +: presence establish; (+): presence according to local people
A: M. myoxinus; B: M. murinus; C: M. ravelobensis; D: M. bongolavensis; E: M. danfossi; F: M. sambiranensis
G: L. edwardsi; H: L. grewcocki; I: L. otto; J: L. sahamalensis; K: L. aeecli
L: E. fulvus fulvus; M: E. macaco flavifrons; N: E. fulvus rufus
O: P. coquereli; P: P. coronatus
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6.4.3 Capture rates and densities of mouse lemurs

We captured mouse lemurs in all sites except Sahamalaza, where we also had not seen them

during nocturnal census walks. In 13 sites, we only captured a reddish species, in two sites we

only captured a grayish species and in two sites we captured both a reddish and a grayish

species (Table 6-4). In both sites where we captured two species, more reddish individuals

were trapped then grey ones (not considering recaptures). Per species, we captured between 2

and 59 different individuals at each site. With the exceptions of Marasakoa, Ankozany and

Ambongomamy, we generally captured more females than males for the reddish species. This

was not the case for M. murinus that had a more of less even sex ratio in all sites. In two sites

(Le Croisement and Ambongabe) we only caught new animals. In the other sites, recapture

rates varied between 3.0% (Mangatelo) and 57.0% (Ambongomamy). When considering first

captures and recaptures and taking into account the number of traps laid, the capture rates

varied between 0.3% (Le Croisement) and 16.0% (Mariarano). The density of all mouse

lemurs varied between 0.49 ind./ha (Le Croisement) and 12.45 ind./ha (Mariarano) (mean:

3.36 ind./ha). Both sites with these extreme values only had reddish forms. When considering

the population densities per species (Fig. 6-2), it becomes obvious that M. ravelobensis had

higher population densities than any other mouse lemur species at any other site. Whereas the

densities of M. ravelobensis were all larger than 4 ind./ha, those of the others were all smaller

than that. We found a significant correlation between capture rates and densities when all

mouse lemurs were considered (N = 17; p < 0.001; R = 0.81).

Between 12 and 37% of the points recorded for human disturbance showed signs of

human presence. When these values were correlated to the population densities and capture

rates over all sites, we found a significant negative relationship in the first case (N = 17, R = -

0.50, p = 0.041) and a negative trend in the second case (N = 17, R = -0.460, p = 0.063).
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Fig. 6-2: Population densities observed in the 18 study sites, classified by species. If two species were living in
sympatry, the capture data was used to determine the proportion of each species. A: M. myoxinus;
B: M. murinus; C: M. ravelobensis; D: M. bongolavensis; E: M. danfossi; F: M. sambiranensis
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Table 6-4: Capture rates and density of mouse lemurs
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Madi 1000 19 (10 / 9) - 100 7 26 2.6 27 3.50 3.50 A - 23
telo 700 - 29 (15 / 14) 0 1 30 4.3 3 3.60 - 3.60 B 31
Tsi 1112 15 (12 / 3) - 100 14 29 2.6 48 5.74 5.74 C - 29

Mari 510 59 (39 / 20) - 100 23 82 16.1 28 12.45 12.45 C - 12
Tan 600 28 (15 / 13) 10 (4 / 6) 74 10 48 8.0 21 5.71 4.21 C 1.50 B 17
Le 600 2 (2 / 0) - 100 0 2 0.3 0 0.49 0.49 A - 19
ata 900 27 (17 / 10) 21 (12 / 9) 56 33 81 9.0 41 5.55 3.01 D 2.54 B 19

Tsin 1070 - 22 (10 / 12) 0 11 33 3.1 33 3.52 - 3.52 B 40
bibo 1122 11 (6 / 5) - 100 9 20 1.8 45 3.85 3.85 D - 18
Amb 1416 10 (7 / 3) - 100 0 10 0.7 0 3.34 3.34 E - 22
koa 714 12 (5 / 7) - 100 5 17 2.4 29 2.69 2.69 E - 33
Anji 1122 8 (5 / 3) - 100 5 13 1.2 38 3.10 3.10 E - 22
jeby 612 31 (17 / 14) - 100 35 66 0.8 53 3.52 3.52 E - 24
Bora 648 6 (4 / 2) - 100 2 8 1.2 25 0.99 0.99 E - 21
injo 1020 4 (3 / 1) - 100 4 8 0.8 50 2.11 2.11 E - 36
zany 918 6 (2 / 4) - 100 1 7 0.8 14 1.39 1.39 E - 37

mamy 816 13 (5 / 8) - 100 17 30 3.7 57 1.11 1.11 F - 34
Sah 918 - - - - - - - - - - 25

All sites
(mean) 875 84 10 30 4.0 30 5.55 3.36 2.79 26

All sites
(total) 15798 251

(149 / 102)
82

(41 / 41) 177 510

A: M. myoxinus; B: M. murinus; C: M. ravelobensis; D: M. bongolavensis; E: M. danfossi; F: M. sambiranensis
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6.4.4 Characterization of the vegetation

The means of all variables collected to determine the vegetation density and structure are

given for each trail in Appendix 6-3.

Correlation values between the different vegetation parameters were analyzed in the

first step of the factor analysis. They ranged from 0.95 between D2 and Ali to -0.72 between

H2 and D5. 31 of the 153 correlation values were significant (Appendix 6-4).

The factor analysis reduces a large number of correlated variables to a smaller more

manageable number of factors. In our case, we aimed to understand the observed presence or

absence of M. murinus along trails as a particular combination of several vegetation

parameters. A set of five main factors allowed us to explain the largest proportion of the

presence/absence as a linear combination of these factors, ranging from 56.0% of variance for

O10 to 98.0% for D2. Table 6-5 describes the factor analysis solution using an orthogonal

transformation by the orthotran/varimax method. Taken together, 85.0% of the total variance

was explained by the five factors. The first factor, explained 42.3% of the variance,

corresponded positively to T5, H2 and T2, and negatively with (sther+stexp), O10, and D5.

The second factor, explained almost half of much variance (22.0%) and was mostly positively

affected by (st1+st2), H10, T10 and H5 and negatively by (st3+star). The third factor was

mostly positively affected by D10, O5, O2, and Slia and explained 12.8% of the variance. The

fourth factor was significantly affected by two dominant positive variables, D2 and Alia and

explained 14.1% of the variance. Finally, the fifth factor, which explained the remaining 8.8%

of variance was affected positively mostly by Ddead.
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Table 6-5: Orthogonal solution of the factor analysis.
 Factor 1 Factor 2 Factor 3 Factor 4 Factor 5
st1+st2 0.005 0.205 0.036 0.043 0.030
st3+star 0.309 -0.347 -0.004 0.052 -0.061
sther+stexp -0.362 0.167 -0.087 -0.352 0.606
D10 0.161 -0.098 0.249 0.050 0.126
H10 -0.224 0.358 0.030 -0.022 0.130
T10 -0.038 0.170 -0.049 -0.002 -0.156
O10 -0.214 0.156 0.052 -0.094 -0.188
D5 -0.259 0.120 -0.033 0.039 0.024
H5 -0.027 0.241 0.109 -0.049 0.150
T5 0.238 -0.108 -0.095 0.014 -0.140
O5 0.025 0.015 0.294 0.004 -0.005
D2 0.147 0.027 0.065 0.485 -0.088
H2 0.301 -0.035 0.157 0.103 0.084
T2 0.465 -0.315 -0.059 0.164 -0.147
O2 0.028 0.070 0.316 0.083 -0.025
Alia 0.300 -0.108 0.034 0.562 -0.167
Slia -0.036 0.153 0.223 -0.047 -0.040
Ddead -0.017 0.196 0.152 0.048 0.460

Cells with bold writing: Factor that reflects the most variation of the variable considered.

The sites where M. murinus was present differentiated best from those where

M. murinus was absent when plotting the second factor against the third (Fig. 6-3). On trails

where M. murinus was present, we tended to find higher values for the third factor and lower

values for second factor, while the opposite tendency could be seen for the sites without

M. murinus. However, the distinction is far from being complete.
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Fig 6-3: Plot showing the forest density and forest structure differentiation between trails where
M. murinus was present and absent. The second factor of the factor analysis is plotted against the third
factor. Arrows indicate trails for which the data was not collected by the main investigator.

6.5 Discussion

6.5.1 Forest description and lemur communities

The forest fragments varied in vegetation type, in size and in the composition of their lemur

communities. However, all had signs of more or less intensive human activity. When omitting

mouse lemurs (discussed below), the most frequent genus that was either observed or

described by locals was Cheirogaleus. Unfortunately, since most of our observations were

conducted during the dry season when this genus is known to hibernate (e.g. Dausmann et al.

2005), our data can not be used to find indices of interspecific competition between these two

members of the Cheirogaleids. It would have, for example, been interesting to see if an

increased density in Cheirogaleus correlates to a decreased density in Microcebus or if

observation heights during the census walks differ. Interspecific competition with mouse



Chapter 6 Habitat differentiation

190

lemurs could be potentially avoided by strata differentiation as suggested by Lahann (2007).

Since Cheirogaleus was probably present in all but two sites, it seems to be quite flexible with

respect to different habitat types. These comments are left at the genus level since the

taxonomy of Cheirogaleus is still uncertain and under revision (Mittermeier et al. 2006).

Two other genera belonging to the Cheirogaleids were observed: Mirza sp. in three sites

and Phaner pallensis in Tanambao. Preliminary genetic analyses of a Mirza individual

unintentionally captured in Sahamalaza showed that M. zaza occurred in that forest and Mirza

was also observed in another fragment near by. These results indicate that this species can live

in transition forests as well as in dry deciduous forests. However, based on their distribution,

both Mirza and Phaner could potentially have been present in other sites we visited. Their

absence there cannot be easily explained. For example, we did not observe Phaner in

Mariarano but in Tanambao which is very close by and has a similar size and forest structure.

Group living diurnal species such as Propithecus and Eulemur were also seen in most

sites. We were especially surprised to see these large-bodied lemurs in some of the smallest

fragments such as Madirovalo. However, in most of these cases, several small fragments were

still more or less connected, so that these lemurs might still be able to move from one

fragment to the next by crossing only small patches of savannah. In both genera, higher

densities and bigger group sizes were only observed in forest fragments bigger than 10 km2, a

possible indication that forest size may be a limiting factor for their long-term survival.

The nocturnal medium sized Lepilemur and Avahi were observed in less than half of the

sites. We found many indications that both suffer from very frequent hunting. These species

are especially vulnerable since they can easily be found sleeping in tree holes or nests of

branches during day time. At least in one site, Tsinjomitondraka, we have good reason to

think that Lepilemur has been so intensely hunted, that it is no longer present in that forest.

Unexpectedly, we found high encounter rates for Avahi in Bora and for Lepilemur in

Sahamalaza. Since both sites had been subject to extensive logging just prior to our

observations, one explanation could be that all remaining animals may have been forced to

concentrate in the few remaining forest fragments.

We only saw Daubentonia in one site although it was reported in many others. It is

therefore difficult to say anything on the ecological requirements of this species. Similarly,

Hapalemur was supposedly present in two sites, but we did not see it.
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6.5.2 Microhabitat preferences of mouse lemurs

Our data show that the genus Microcebus can occur in different types of forest, in different

fragment sizes and in more or less degraded forests. The only site where we did not observe

mouse lemurs was Sahamalaza. The high encounter rates of Cheirogaleus, Mirza and

Lepilemur in that area, all of them nocturnal lemurs that sleep in tree holes or nests during the

day, lead us to hypothesize that exceptionally high levels of interspecific competition may

prevent Microcebus from occurring in this forest. However, in the well studied forest of

Kirindy, all four genera live in sympatry (Mittermeier et al., 2006). Moreover, even Phaner

occurs there and has been shown to use the highest sleeping sites to avoid competition with

other nocturnal primates (Kappeler 2003; Schulke 2003).

Still at the generic level, the significant correlation between trapping rate and census

based population densities shows that both measures provide reliable estimates of mouse

lemur abundances. The significant negative correlation we found between human

disturbances and mouse lemur densities might reflect a vulnerability of even these extremely

small lemurs towards anthropogenic changes. Similar results were found in the Morondava

region for M. murinus (Ganzhorn 1996; Smith et al. 1997). Ganzhorn & Schmid (1998) also

compared the population dynamics of M. murinus in primary and secondary forest in that

region in order to better understand the observed differences. They captured a higher number

of individuals of higher body mass in the primary forest. Even the recapture rates from year to

year were higher in that type of forest. Interestingly, they captured more males in the primary

forest and argued that this could have been due to the fact that the females were hibernating in

the primary forest but not in the secondary one. Indeed, mouse lemur individuals of higher

body mass, especially females, are known to more likely enter hibernation (Schmid 1999).

Ganzhorn & Schmid (1998) concluded that reduced food availability, increased predation

risk, and impossibility to enter daily torpor and hibernation due to low body weight and lack

of appropriate shelters are all factors that could explain a lower population rate and lower

survival rates in secondary forest. Our results also indicate that mouse lemurs can live in

disturbed forests but might not do as well there as in intact forest. Nevertheless, mouse lemurs

have, so far, never been observed hibernating in northwestern Madagascar, so that this line of

argument can not explain why we find such a pattern. Also, our study considers forests that
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differ from those in the Morondava region by many other factors, such as altitude, yearly

rainfall or species composition that may further complicate the comparisons.

At the species level, our data confirms that several mouse lemurs can live in sympatry.

However, our trapping results indicate that this was the case in only two out of 17 sites. So we

might conclude that sympatry is quite rare. Subsequent work in Madirovalo and

Tsinjomitondraka has however shown that both sites actually have two species present

(Randrianambinina, personal communication). Therefore, more data needs to be collected

before such a conclusion can be drawn. In both sites were we did capture two species, more

individuals of the reddish than grayish species were trapped. Furthermore, the reddish species

usually showed a female bias. Mester (2006) analyzed almost ten years of capture data in the

National Park of Ankarafantsika where M. murinus and M. ravelobensis live in sympatry in

some sites. She could show that the proportion of captured M. ravelobensis in one main study

area (JBA) was steadily increasing and that what used to be exclusive M. murinus zones were

more and more “invaded” by M. ravelobensis. This could indicate that when a grayish and a

reddish species live in sympatry, it is an unstable situation where the reddish species slowly

takes over. However, Mester (2006) did not find changes in relative number of infants born

over time in both species. In other words, the question remains whether the sympatry of two

mouse lemur species is stable in the long-term or if it eventually leads to the exclusion of one

species (Gause 1934).

M. murinus was, in this study, only found in dry deciduous forest. However, as

mentioned above, it actually also was captured in Madirovalo which is a gallery forest. This

confirms that this species with a wide geographic range is quite flexible and might be

considered as a generalist (e.g. Radespiel, 2006).

M. myoxinus, which also has a broader range than the other reddish species, was only

found in gallery forest. Previous studies have described it living in dry deciduous forest

(Rasoloarison et al., 2000) and even mangroves (Hawkins et al. 1998). Again, these findings

indicate a flexible ecology by this species.

Likewise, we only captured M. ravelobensis in dry deciduous forest although it is

known to also be present in gallery forests (Marquart 2002; Rakotondravony 2007).

Therefore, even though this species has a limited range, it is not restricted to a unique forest
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type and certainly does not appear to be a vegetation specialist. In all sites M. ravelobensis

had very high population densities, although the causes why are not clear.

So far, very little data is available for M. bongolavensis. All three sites we visited within

the range of this species were dry deciduous forests and mouse lemurs of that species were

present (Tsinjomitondraka: Randrianambinina, personal communication). More data needs to

be collected before the level of specialization of this species can be estimated.

This study is the first to present extensive data on the habitat types in which M. danfossi

can be found. These animals were captured in three different vegetation types (dry deciduous

forest, transition forest and plantations). These findings are also not consistent with the theory

that reddish species with limited distributions should be more specialized.

Finally, M. sambiranensis was captured in one dry deciduous forest. Here again, other

studies have described it from other types of habitats (Goodman & Schütz 2000; Rasoloarison

et al. 2000).

In conclusion, most mouse lemur species were found in several forest types, regardless

of whether they have a broad or limited distribution. Therefore, if we want to find patterns of

habitat differentiation between species, we need to look at microhabitat structures as

suggested by Rendigs et al. (2003) and Radespiel (2006).

Our data set only allowed us to do this with M. murinus. We found no clear

differentiation in forest density and forest structure between trails where this species was

capture compared to trails where it was not. We chose to base the analysis on complete trails

so we could compare our results with those of Rakotondravony (2007) who did a similar

study in different parts of the National Park of Ankarafantsika. He found that sites where

M. murinus was present (either in sympatry with M. ravelobensis or alone) had a positive

correspondence with (1) the cover of the second and third tree strata (2) the density of trees

with a DBH from 5-9.9 cm and 2-4.9 cm and (3) the density of trees with and without lianes.

Since we did not consider densities, but distances between observer and nearest tree, the last

four parameters would correspond to a negative correspondence to the variables D2, D3, Ali

and Slia. By plotting our different factors against each other to see if our results correspond to

those of Rakotondravony (2007), we found that about the same number of parameters tally as

those that do not. It is presently not possible to find a more precise pattern across all data. Our

results should be particularly considered with caution since not all the data was collected by
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one person and since further mouse lemur capture session might reveal more sites where two

species live in sympatry.

In summary, we could show that most mouse lemur species present in northwestern

Madagascar inhabit different forest types. There were, in this respect, no differences between

species that have broader geographic distributions and species that are limited to one inter-

river-system. We could confirm that up to two species of mouse lemurs and up to two more

Cheirogaleid species can occur in sympatry. Under these circumstances partial competition

for scarce resources cannot be excluded. We therefore looked for microhabitat differences

between trails where M. murinus was present and trails where it was absent. The factor

analysis could not clearly differentiate these points but indicated that Further detailed

ecological studies on each species are necessary to clarify the ecological basis of species

presence/absence and/or co-occurrence in a given site.
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6.7 Appendices

Appendix 6-1: Example of satellite pictures as used with the software ARC VIEW GIS to
determine the size of the forest fragment
A) Region of interest for the sites Tanambao (left) and Mariarano (right)

B) Same region as in A) also showing GPS points taken on site (red points: trail A, blue
points: trail B, yellow points: trail C; black points: points taken when walking around the
forest fragment in order to determine the limits)
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C) Same as B) also showing the polygon delimited in with ARC VIEW GIS to calculate the
surface of each forest fragment (in green).

D) Close up of trails A, B, and C in Tanambao.
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Appendix 6-2: List of questions asked to villagers in the different study sites. Depending on
the motivation and knowledge of the interviewed person, more or less questions were asked.
Questions 2 to 8 were asked after a picture of a lemur species was shown. A total of 14
pictures were presented: 11 showed species that could potentially occur in northwestern
Madagascar and 2 showed species that are only present on the eastern coast of the island.

Date:
Place:
Age (estimation):
Sex:
Profession:

1. How often do you go into the forest?
2. Does this species live in the forest around the village?
3. Have you already seen this species in the forest around the village?
4. What is the local name of this species?
5. How often do you see this species?
6. At which time of day do you see them?
7. Do you see them alone or in groups (of how many individuals)?
8. How often have you seen them with babies?
9. Do lemurs live somewhere else in Madagascar or in other countries?
10. Are any of these species hunted and if yes what for?
11. Are any of these species kept as pets?
12. How long do the pets survive?
13. What kind of human activities take place in the forest?
14. Does the village practice “slash and burn”?
15. How often do bush fires occur and how big are they?
16. How has the forest evolved over the last 5 years?
17. How has the forest evolved over the last 10 years?
18. How has the forest evolved over the last 20 years?
19. Do you use any plants for medication?
20. How often do tourists come to your village, for how long and what for?
21. Comment
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Appendix 6-3: Table giving the mean for each trail of the variables collected to determine the vegetation density and vegetation
structure.

Site Trail
Length

(m)
st1
(%)

st2
(%)

st3
(%)

star
(%)

sther
(%)

stexp
(%) D10 (m)

H10
(m)

T10
(m)

Dia10
(cm)

O10
(%) D5 (m)

H5
(m)

T5
(m)

Dia5
(cm)

O5
(%)

Madirovalo A 1000 55.00 18.85 10.00 15.38 16.54 23.46 13.41 29.99 11.81 45.34 96.58 27.41 13.13 5.81 7.83 61.91

Madirovalo B 1000 47.80 25.20 17.80 17.80 19.40 21.80 36.85 24.58 7.26 37.22 95.28 37.10 10.38 4.02 7.42 67.87

Mangatelo A 1000 17.19 28.85 35.58 31.15 16.35 29.23 137.33 16.80 2.21 38.30 94.93 27.32 7.01 2.29 9.08 77.82

Mangatelo B 1000 13.27 13.65 19.81 14.81 2.50 51.92 107.61 15.54 1.53 28.35 100.00 97.37 8.27 1.71 7.83 93.48

Tsiaramaso A 1000 27.69 17.69 19.62 19.23 0.00 23.27 26.00 20.33 7.41 42.50 111.54 80.10 7.71 2.61 7.65 80.36

Tsiaramaso B 1000 35.19 20.38 16.54 17.50 0.38 21.73 29.78 21.42 6.74 45.25 97.85 27.28 7.78 2.24 7.68 79.47

Tsiaramaso C 1000 27.88 16.15 19.62 17.88 0.00 28.65 110.43 21.86 3.90 67.80 96.33 122.21 6.91 1.61 7.86 81.36

Le Croisement A 1000 22.69 15.77 23.65 36.92 39.23 52.31 81.22 24.97 14.35 40.07 94.83 26.98 10.41 5.56 9.49 65.30

Le Croisement B 1000 29.23 15.77 20.00 34.23 15.77 47.88 35.02 27.29 14.27 44.00 92.30 20.60 10.65 6.06 7.85 65.30

Mariarano A 1000 26.92 24.81 27.12 29.81 7.12 19.62 92.45 24.71 6.53 30.93 98.73 32.36 10.58 3.40 7.50 88.97

Mariarano B 960 22.00 35.80 31.60 27.20 3.40 12.00 198.11 21.13 6.19 17.56 100.00 12.63 11.26 3.74 7.44 95.98

Tanambao A 1000 14.23 49.42 28.08 14.81 0.19 15.00 165.32 19.44 7.11 21.54 100.00 22.49 10.73 3.32 7.66 98.44

Tanambao B 1000 19.50 34.04 23.85 10.96 1.15 22.31 152.02 18.05 6.04 18.42 100.00 7.16 10.36 3.83 7.32 97.50

Tanambao C 1000 no ecology               

Le Croisement A 1000 22.69 15.77 23.65 36.92 39.23 52.31 81.22 24.97 14.35 40.07 94.83 26.98 10.41 5.56 9.49 65.30

Le Croisement B 1000 29.23 15.77 20.00 34.23 15.77 47.88 35.02 27.29 14.27 44.00 92.30 20.60 10.65 6.06 7.85 65.30

Maroakata * A 1000 9.81 34.04 37.12 22.31 1.54 36.54 69.11 9.83 3.92 17.74 87.99 6.73 7.67 4.45 8.16 77.71

Maroakata * B 1000 3.35 13.65 25.77 33.65 0.19 39.04 167.58 9.59 4.14 18.02 95.20 43.99 6.91 3.37 7.52 83.78

Maroakata * C 1000 12.38 37.88 30.00 22.69 0.00 14.81 94.73 10.99 4.80 19.29 102.42 5.98 8.19 4.28 7.38 77.19

Tsinjomitondraka A 1000 22.31 13.85 21.54 22.69 0.00 24.23 55.97 14.34 4.94 31.49 99.14 79.95 6.63 2.80 7.80 84.33

Tsinjomitondraka B 1000 19.04 11.15 15.19 32.12 0.00 26.73 81.60 13.27 4.37 25.90 99.21 89.75 6.59 3.06 8.04 85.09

Tsinjomitondraka C 500 no ecology               

Ambodimahabibo A 1000 15.58 14.23 25.19 32.31 0.00 21.54 89.84 15.84 4.25 33.82 98.55 32.77 6.43 2.82 8.36 82.67

Ambodimahabibo B 1000 18.85 11.73 13.65 33.27 0.77 28.27 95.52 13.56 4.44 29.78 99.32 93.02 6.63 3.27 8.25 88.33

Ambodimahabibo C 1000 7.50 9.62 21.92 30.38 27.69 24.42 225.85 9.25 2.18 24.25 99.69 70.33 5.22 2.00 7.33 91.51

Ambongabe A 1000 13.46 20.38 18.65 12.69 5.58 52.50 122.40 13.53 5.68 19.79 100.00 6.84 7.10 3.08 7.43 94.77

Ambongabe B 1000 16.15 40.00 21.35 15.77 4.42 32.88 57.57 13.30 4.90 19.79 98.64 10.65 7.77 3.50 7.57 93.25

Ambongabe C 1000 16.54 24.81 20.19 29.42 2.88 21.81 61.35 13.51 6.00 20.04 99.85 5.27 7.74 3.42 7.66 94.62
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Site Trail
Length

(m)
st1
(%)

st2
(%)

st3
(%)

star
(%)

sther
(%)

stexp
(%) D10 (m)

H10
(m)

T10
(m)

Dia10
(cm)

O10
(%) D5 (m)

H5
(m)

T5
(m)

Dia5
(cm)

O5
(%)

Ambongabe D 1000 no ecology               

Marasakoa A 1000 3.00 4.00 7.50 63.46 2.88 26.15 318.37 11.22 3.30 39.86 100.00 249.80 4.07 1.23 6.89 95.45

Marasakoa B 1000 17.31 6.54 9.62 40.96 3.08 30.19 280.93 18.10 4.85 46.42 98.00 167.72 6.14 2.39 7.66 82.97

Marasakoa C 500 19.23 9.23 16.54 30.38 0.00 33.08 134.07 16.13 3.92 45.44 98.18 99.57 6.74 2.15 7.34 96.84

Anjiamangirana ** A 1000 7.88 21.54 25.77 31.15 0.00 20.58 55.86 9.92 4.82 18.01 99.85 2.92 6.11 3.26 7.05 87.65

Anjiamangirana B 1000 8.46 16.54 24.62 33.85 0.00 19.81 153.89 10.80 5.38 17.47 100.00 3.89 6.33 3.27 7.18 92.04

Anjiamangirana C 1000 9.62 15.96 21.92 29.42 3.08 23.12 100.50 11.07 4.89 17.79 99.64 8.55 6.32 2.91 6.60 90.45

Ambarijeby A 1000 2.50 15.69 29.04 33.27 1.81 21.92 2.91 5.83 3.95 18.61 96.36 2.63 4.27 3.34 7.36 72.45

Ambarijeby B 1000 4.62 18.85 28.08 23.46 5.38 35.19 138.78 8.41 4.40 15.28 99.77 14.82 5.88 2.77 7.19 93.78

Bora ** A 880 4.13 27.48 19.26 36.30 5.43 9.13 5.24 8.00 4.84 23.15 95.25 3.32 5.11 3.81 6.96 60.30

Bora B 960 20.60 18.40 18.00 27.60 5.00 22.40 103.49 12.70 4.20 31.42 96.91 29.07 6.58 2.94 8.33 85.21

Mahatsinjo A 1000 1.92 11.54 20.38 23.27 0.00 77.12 171.84 8.50 4.46 15.50 99.43 3.34 5.83 3.27 7.35 96.11

Mahatsinjo B 1000 2.69 15.58 37.31 35.77 0.00 18.46 145.74 8.60 4.24 16.77 99.57 4.48 5.64 2.97 7.39 92.87

Mahatsinjo C 1000 no ecology               

Ankozany A 1000 17.40 18.00 30.20 26.00 0.00 19.80 17.25 10.37 4.12 36.49 97.01 3.93 4.46 1.44 6.80 68.96

Ankozany B 1000 6.54 13.65 32.69 32.69 0.77 29.04 157.27 9.88 3.59 28.64 98.94 6.90 4.96 1.77 6.65 83.88

Ambongomamy A 1000 4.20 14.04 32.12 31.54 6.54 29.81 465.48 9.93 3.10 22.10 98.67 17.13 5.57 1.55 6.28 91.73

Ambongomamy B 1000 6.35 21.35 30.38 27.31 5.58 24.23 308.21 8.58 1.73 25.33 100.00 43.24 6.10 1.36 6.89 91.80

Ankarafa A 1000 21.35 25.38 24.62 24.62 0.00 10.38 19.81 13.48 4.81 30.38 99.88 3.97 7.72 3.62 7.32 80.42

Ankarafa B 1000 21.73 18.85 24.04 24.81 0.00 16.35 25.88 14.66 5.40 28.77 100.00 3.67 7.48 3.56 7.26 82.27

Ankarafa C 1000 no ecology               
*: data collected by K. Guschanski; **: data collected by C. Peverelli
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Appendix 6-3: Continued

Site Trail
Length

(m) D2 (m)
H2
(m)

T2
(m)

Dia2
(cm)

O2
(%)

Alia
(m) Slia (m)

Ddead
(m)

Diadead
(cm)

Ldead
(m)

Madirovalo A 1000 6.33 5.19 2.37 3.09 32.67 1.83 80.04 142.53 19.88 5.84

Madirovalo B 1000 2.23 4.89 1.79 3.02 45.11 1.14 137.95 278.25 19.81 6.02

Mangatelo A 1000 2.63 3.70 1.22 3.27 39.46 1.02 132.35 198.86 8.70 3.03

Mangatelo B 1000 4.98 4.35 0.78 4.16 80.89 1.12 66.84 290.24 14.65 6.54

Tsiaramaso A 1000 4.98 3.47 0.74 3.26 62.70 1.64 193.02 168.74 14.17 6.33

Tsiaramaso B 1000 6.74 3.36 0.73 3.10 68.86 2.01 134.72 161.26 14.55 6.06

Tsiaramaso C 1000 40.46 3.37 0.74 3.23 69.45 11.74 28.51 228.51 12.83 6.31

Le Croisement A 1000 5.36 4.02 1.94 4.16 45.99 1.92 145.19 186.00 12.87 5.55

Le Croisement B 1000 5.84 4.73 2.25 3.06 38.51 1.30 6.27 197.39 17.77 6.21

Mariarano A 1000 3.58 4.74 1.48 2.83 69.08 1.16 229.55 254.32 11.44 7.89

Mariarano B 960 1.36 6.30 1.69 3.16 83.50 0.48 29.41 209.08 8.73 5.18

Tanambao A 1000 1.07 5.49 1.41 3.22 90.59 0.40 1020.00 190.03 10.29 5.71

Tanambao B 1000 1.12 5.44 2.07 3.17 87.94 0.66 970.00 127.68 11.06 4.71

Tanambao C 1000           

Le Croisement A 1000 5.36 4.02 1.94 4.16 45.99 1.92 145.19 186.00 12.87 5.55

Le Croisement B 1000 5.84 4.73 2.25 3.06 38.51 1.30 6.27 197.39 17.77 6.21

Maroakata * A 1000 2.65 5.63 3.30 3.55 53.80 2.87 8.37 201.78 11.39 5.33

Maroakata * B 1000 3.56 4.63 2.37 3.38 67.35 2.93 4.48 205.87 12.03 4.99

Maroakata * C 1000 2.21 5.63 3.24 3.21 50.96 3.35 7.49 218.19 12.05 7.21

Tsinjomitondraka A 1000 2.92 3.09 1.05 2.97 56.94 1.36 114.04 58.84 9.56 5.14

Tsinjomitondraka B 1000 2.10 3.11 1.07 3.31 62.81 1.40 211.33 43.40 10.68 5.79

Tsinjomitondraka C 500           

Ambodimahabibo A 1000 1.77 3.46 1.55 3.60 65.55 0.90 73.17 26.32 8.79 4.89

Ambodimahabibo B 1000 4.42 3.38 1.50 3.05 68.48 1.48 69.81 15.24 8.59 5.30

Ambodimahabibo C 1000 1.56 3.10 1.02 3.32 75.52 1.10 121.13 102.73 9.00 4.06

Ambongabe A 1000 1.48 4.08 1.43 3.25 85.35 0.84 104.75 195.43 6.96 5.37

Ambongabe B 1000 1.27 4.27 1.79 3.10 82.47 1.67 64.05 119.22 6.28 4.70

Ambongabe C 1000 1.25 4.60 1.73 3.45 81.26 0.89 80.00 198.34 9.21 5.23
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Site Trail
Length

(m) D2 (m)
H2
(m)

T2
(m)

Dia2
(cm)

O2
(%)

Alia
(m) Slia (m)

Ddead
(m)

Diadead
(cm)

Ldead
(m)

Ambongabe D 1000           

Marasakoa A 1000 6.72 2.76 0.72 2.73 92.35 2.26 58.62 114.83 8.66 3.53

Marasakoa B 1000 3.35 2.84 0.71 2.74 80.56 3.02 52.17 215.19 8.77 4.06

Marasakoa C 500 3.84 3.06 0.70 2.84 79.30 1.69 38.94 65.58 19.00 4.65

Anjiamangirana ** A 1000 1.04 3.61 1.72 2.86 63.94 1.26 35.31 93.00 8.83 4.61

Anjiamangirana B 1000 1.24 3.63 1.56 2.96 73.79 0.96 35.83 84.32 8.86 5.11

Anjiamangirana C 1000 1.44 3.64 1.69 2.83 75.45 1.39 23.41 106.62 7.33 4.91

Ambarijeby A 1000 1.42 3.28 2.09 3.26 43.50 1.76 1.20 99.55 18.62 5.31

Ambarijeby B 1000 6.06 3.88 1.58 3.08 78.32 3.66 162.65 29.12 7.95 4.41

Bora ** A 880 1.15 2.94 2.15 3.03 43.42 1.58 0.89 90.62 21.02 6.16

Bora B 960 2.54 3.15 1.49 2.71 59.51 3.23 56.85 27.53 7.75 4.69

Mahatsinjo A 1000 1.97 3.60 2.12 3.11 80.45 3.31 6.63 8.92 6.47 3.60

Mahatsinjo B 1000 0.81 3.65 1.90 3.06 72.31 0.70 8.73 164.12 10.10 4.42

Mahatsinjo C 1000           

Ankozany A 1000 3.56 2.74 0.69 2.82 55.21 11.69 2.57 200.03 14.82 4.92

Ankozany B 1000 2.64 3.13 0.75 2.95 67.15 1.83 53.51 113.01 11.30 5.05

Ambongomamy A 1000 1.27 3.79 1.14 3.52 76.67 0.97 15.24 147.37 4.61 4.39

Ambongomamy B 1000 2.02 3.77 0.92 3.07 77.87 2.50 39.48 125.47 5.50 4.34

Ankarafa A 1000 1.33 4.30 2.07 3.43 57.67 1.36 8.44 94.14 7.06 4.65

Ankarafa B 1000 1.21 4.34 1.92 3.04 60.10 1.31 11.35 92.96 10.41 7.76

Ankarafa C 1000           
*: data collected by K. Guschanski; **: data collected by C. Peverelli
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Appendix 6-4: Correlation matrix between the variables considered in the factor analysis

 
st1+
st2

st3+
star

sther+
stexp D10 H10 T10 O10 D5 H5 T5 O5 D2 H2 T2 O2 Alia Slia

Ddea
d

st1+st2 1.000 -0.412 -0.321 -0.379 0.788 0.772 -0.038 -0.508 0.833 0.557 -0.362 0.009 0.552 0.213 -0.256 -0.061 0.317 0.375
st3+star -0.412 1.000 -0.023 0.486 -0.539 -0.525 -0.260 -0.276 -0.377 -0.085 0.207 -0.282 0.068 0.266 -0.026 -0.142 -0.264 -0.045
sther+stex -0.321 -0.023 1.000 0.087 -0.148 -0.375 -0.380 0.273 -0.200 -0.182 -0.229 0.004 -0.210 -0.087 -0.282 -0.021 -0.325 0.239
D10 -0.379 0.486 0.087 1.000 -0.420 -0.491 -0.040 -0.089 -0.144 -0.265 0.708 -0.091 0.194 -0.010 0.600 -0.074 0.258 0.040
H10 0.788 -0.539 -0.148 -0.420 1.000 0.754 0.113 -0.104 0.747 0.256 -0.320 0.253 0.193 -0.221 -0.171 0.052 0.159 0.301
T10 0.772 -0.525 -0.375 -0.491 0.754 1.000 0.174 -0.347 0.767 0.674 -0.405 -0.073 0.359 0.189 -0.244 -0.140 0.240 0.021
O10 -0.038 -0.260 -0.380 -0.040 0.113 0.174 1.000 0.257 -0.004 -0.235 0.272 -0.102 -0.198 -0.412 0.292 -0.186 0.199 -0.143
D5 -0.508 -0.276 0.273 -0.089 -0.104 -0.347 0.257 1.000 -0.514 -0.622 0.093 0.538 -0.723 -0.667 0.112 0.432 -0.274 -0.203
H5 0.833 -0.377 -0.200 -0.144 0.747 0.767 -0.004 -0.514 1.000 0.665 -0.110 -0.146 0.748 0.298 -0.025 -0.233 0.366 0.417
T5 0.557 -0.085 -0.182 -0.265 0.256 0.674 -0.235 -0.622 0.665 1.000 -0.417 -0.363 0.685 0.799 -0.407 -0.251 0.076 0.016
O5 -0.362 0.207 -0.229 0.708 -0.320 -0.405 0.272 0.093 -0.110 -0.417 1.000 -0.150 0.068 -0.294 0.925 -0.224 0.509 -0.098
D2 0.009 -0.282 0.004 -0.091 0.253 -0.073 -0.102 0.538 -0.146 -0.363 -0.150 1.000 -0.267 -0.297 0.008 0.949 -0.207 0.200
H2 0.552 0.068 -0.210 0.194 0.193 0.359 -0.198 -0.723 0.748 0.685 0.068 -0.267 1.000 0.705 0.095 -0.179 0.266 0.520
T2 0.213 0.266 -0.087 -0.010 -0.221 0.189 -0.412 -0.667 0.298 0.799 -0.294 -0.297 0.705 1.000 -0.321 -0.055 -0.063 0.143
O2 -0.256 -0.026 -0.282 0.600 -0.171 -0.244 0.292 0.112 -0.025 -0.407 0.925 0.008 0.095 -0.321 1.000 -0.081 0.522 -0.016
Alia -0.061 -0.142 -0.021 -0.074 0.052 -0.140 -0.186 0.432 -0.233 -0.251 -0.224 0.949 -0.179 -0.055 -0.081 1.000 -0.291 0.220
Slia 0.317 -0.264 -0.325 0.258 0.159 0.240 0.199 -0.274 0.366 0.076 0.509 -0.207 0.266 -0.063 0.522 -0.291 1.000 -0.052
Ddead 0.375 -0.045 0.239 0.040 0.301 0.021 -0.143 -0.203 0.417 0.016 -0.098 0.200 0.520 0.143 -0.016 0.220 -0.052 1.000
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The five chapters included in this thesis aimed to address a variety of questions concerning 

the biogeography, the phylogeny, the phylogeography and the conservation genetic of mouse 

lemurs in northwestern Madagascar. Seven reddish (Microcebus myoxinus, M. ravelobensis, 

M. bongolavensis, M. danfossi, M. sambiranensis, M. lokobensis and M. tavaratra) and one 

grayish (M. murinus) mouse lemur species were shown to inhabit that part of the island which 

we divided in nine Inter-River-Systems (IRSs) (Fig. 3-3). In the following, I will briefly 

summarize the main findings for each of the four main areas of interest mentioned in the 

general introduction and discuss them in view of the latest developments in the respective 

field.  

7.1 Mouse lemur biogeography (Chapter 3 and 6) 

Biogeography, the study of distribution and diversity of organisms in space and time (Cox & 

Moore 2005), has often been divided into two main approaches: ecological biogeography and 

historical biogeography (Lomolino et al. 2005). The work presented in this thesis contributed 

to a better understanding of both aspects in the genus Microcebus in northwestern 

Madagascar. However, in this section of our general discussion, we will concentrate on the 

ecological biogeography only. The historical biogeography will be discussed in the second 

section (Mouse lemur phylogeny and phylogeography), since several closely related species 

have been studied and the historical biogeography of all species considered together is best 

explained in terms of their phylogeographic history.  

7.1.1 Mouse lemur distribution patterns (Chapter 3) 

Most mouse lemur distributions could be shown to be much smaller than previously expected. 

For example, M. ravelobensis was only found in the small ISR I and does not occur in all 

three IRSs that constitute northwestern Madagascar. Instead, in IRS II and III, we described 

two new species, M. bongolavensis and M. danfossi that were each limited to one of these 

IRSs. The individuals we sampled in IRS IV and V belonged to the previously described 

M. sambiranensis known from that region. In IRS VI (mainland and off-shore island Nosy 

Be), we sampled individuals from a species that had previously not been described. We 

named it M. lokobensis. Independently, an American-Malagasy research team has constructed 

a molecular phylogeny including mtDNA sequences of mouse lemurs from Nosy Be. As a 

result, Andriantompohavana et al. (2006) also described a new mouse lemur species from the 
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off-shore island, which they named M. mamiratra. Consequently, M. lokobensis and 

M. mamiritra may both be synonymous names for the same species, in which case 

M. mamiritra would have priority, since it was printed prior to our publication. However, a 

joint phylogenetic analysis is still needed to verify the identity of both forms, especially since 

several mouse lemurs can live in sympatry. Finally, in the extreme north, in IRS VII, we 

sampled mouse lemurs from three sites and all of them belonged to M. tavaratra.  

All of these mouse lemur species belong to the reddish forms of mouse lemurs. For 

those mentioned above, it can be stated that wide rivers generally act as species barriers. 

There seems to be only one exception to this pattern. M. sambiranensis could be shown to 

occur in two IRSs (V and VI) so its distribution seems not to be limited by the dividing river 

Andranomalaza. Andriantompohavana et al. (2006) have proposed another species to occur in 

IRS V. In our study, we only sampled one site from this IRS but the mtDNA sequences 

clustered with the reference sequence from M. sambiranensis. Therefore, if the proposed 

species by Andriantompohavana et al. (2006) is confirmed, IRS V would harbor two mouse 

lemur species and it would be of interest to see if they live in sympatry. Further sampling is 

needed in that specific area to fully understand the biogeography of these two species. 

On the other hand, some other mouse lemur species do have distributions that span 

several to many IRSs. The most broadly distributed species is M. murinus that could be 

confirmed to inhabit three IRSs in northwestern/western Madagascar (IRS 0, Ia, and II) and 

was previously shown to occur throughout western down to southern Madagascar 

(Rasoloarison et al. 2000; Yoder et al. 2000). Rasoloarison (2000) even refer to an unverified 

record from Ankarana in IRS VII. This suggestion, however, could so far not be confirmed 

with molecular methods. Another species with a relatively broad distribution is M. myoxinus. 

We found it in IRS 0 and Ib but it had previously been described from Namoroka, Bemaraha, 

Aboalimena and Belo-sur-Tsiribihina, which all belong to western Madagascar (Rasoloarison 

et al. 2000; Yoder et al. 2000). The distribution range of M. myoxinus thereby covers several 

IRSs and seems to be limited to the south by the Tsiribihina River (Rasoloarison et al. 2000).  

The diverging distribution patterns of western mouse lemur species certainly deserve 

further attention. Possible evolutionary scenarios that may have led to the present state are 

discussed in the next section of the discussion (Mouse lemur phylogeny and phylogeography).  
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Two comparative approaches may allow us to see if the importance of large rivers in 

shaping the biogeography of Madagascar can be generalized or if other 

topographic/ecological structures need to be considered. The first approach is to compare our 

findings on mouse lemurs in northwestern Madagascar to findings on mouse lemurs of the 

eastern rain forest domain. The second approach is to compare our findings on mouse lemurs 

to those of other forest-dwelling mammals in northwestern Madagascar.  

The taxonomic clarifications within the genus Microcebus in eastern Madagascar are far 

from being completed. All recent publications indicate that what was previously subsumed as 

M. rufus has to be divided into several new species (Kappeler et al. 2005; Louis et al. 2006a). 

Kappeler et al. (2005) and Louis et al. (2006a) have, in total, described four and proposed 

three new mouse lemur species from the eastern rain forests. Unfortunately, no attempt has so 

far been made to try and define the geographic ranges of these species and even less to 

understand their evolution.  

Moreover, the sampling pattern of Louis et al. (2006a) and Kappeler et al. (2005) make 

it difficult to test for the importance of large rivers as species barriers, since not all eastern 

IRSs have been sampled yet and for those that have been sampled, often only one locality is 

represented.  

The comparison with other small-bodied mammal taxa inhabiting the forests of western 

Madagascar may be more helpful. The first potentially interesting taxa for such a comparison 

would be the other members of the family Cheirogaleidae, which are all of small body size. 

Unfortunately, they have either a discontinuous geographical range along the west coast 

(Mirza and Phaner), do not occur along the western coast (Allocebus) or are under taxonomic 

revision with insufficient present knowledge on species distributions (Cheirogaleus).  

Two other genera of small-bodied mammals outside the primate order could also be 

potentially interesting for this biogeographic comparison. Both shrew tenrecs (Microgale) and 

tuft-tailed rats (Eliurus) are known to occur in most forest types in Madagascar and have been 

the subject of intensive sampling. Unfortunately, the studies mainly concentrate on the east 

coast. They so far suggested that other factors such as altitude may be better indicators of 

distribution in the humid forests than rivers. The number of described Eliurus species has 

increased over the last 20 years (e.g. Carleton 1994; Carleton et al. 2001) and is currently up 

to 11 (Carleton & Goodman 2007). The distribution pattern of these 11 species is still difficult 
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to define with the data available. To our knowledge, data from IRSs 0 to IV have, so far, not 

been integrated in the analysis on Eliurus. The species E. antsingy is known to occur further 

to the south and in IRS VII. E. majori was sampled in many sites throughout the east coast, 

but also in the RS de Manongarivo, which is situated in IRS V, and in several sites in IRS VII. 

Therefore, further field studies and laboratory investigations are needed before a comparison 

with our results is possible.  

The situation is comparable in the genus Microgale which currently includes 22 species 

(Olson et al. 2004). Most of the sampling localities are situated along the east coast and in the 

far north of the island. This reflects the fact that their centers of species richness lie in the 

eastern rainforests but some poorly studied species do occur in the dry forests of the west. 

Olson et al. (2004) described their relatively broad latitudinal distribution in eastern 

Madagascar, but pointed out that many appear to be altitudinally restricted. This would 

resemble the pattern that has been suggested for Eliurus spp. (Carleton & Goodman 2007) 

Recently, Goodman et al. (2006) have described a new species (M. jobihely) that shows 

another distribution pattern. Although substantial sampling efforts were undertaken, this 

species was only found in the Massif de Tsaratanana which is situated in IRS IV.  

Taken together, the current knowledge on the distribution of small-bodied mammals in 

northwestern Madagascar does not allow a useful comparison with our findings. Medium 

sized lemurs such as the genus Lepilemur, on the other hand, may give some insights in 

biogeographic boundaries, since they have a continuous distribution in northwestern 

Madagascar and have been intensely studied in the recent past. Louis et al. (2006b) collected 

samples in IRS 0, Ia, III, IV, V, VI and VII and performed phylogenetic analyses. 

Independently, Craul et al. (submitted) collected and analyzed Lepilemur samples from the 

IRSs 0, Ia, II, III, IV, V, VI and VII.  

The results of both studies differ in some points but overlap in others. Both studies 

report having captured L. aeecli in IRS 0, L. edwardsi in IRS Ia, a new species in IRS III 

(named L. grewcocki by Louis et al. 2006), L. sahamalensis in IRS IV, L. dorsalis in IRS V 

and L. akaranensis in IRS VII. Furthermore, Craul et al. (submitted) describe another new 

species from IRS II from which Louis et al. (2006) did not have any samples. The two studies 

come to fundamentally different conclusions for the samples collected in the RS de Lokobe 

on the island of Nosy Be. Craul et al. (submitted) classified these individuals as L. dorsalis 
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whereas Louis et al. (2006b) described them as another new species that they named 

L. tymerlachsoni. This discrepancy could be either due to the fact that two species occur on 

the island of Nosy Be or to the different mtDNA loci that were sequenced by the two research 

groups. Nowhere in Madagascar are several species of Lepilemur known to live in sympatry. 

The first possible explanation is therefore highly unlikely. Molecular phylogenies often differ 

depending on which loci are being considered. Further sequencing and analyses of other 

features such as behaviors and vocal repertoires are needed to clarify the situation. In a third 

study (Rabarivola et al. 2006), samples from one locality on the Ampasindava peninsula, 

which is situated in IRS V, were analyzed. The authors also described a new species, 

L. mittermeieri, based on divergent karyotype and mtDNA sequences. Whether 

L. mittermeieri and L. tymerlachsoni are synonymous names still needs to be clarified. 

Coming back to our comparative question, we can conclude that the large rivers separating 

mouse lemur species in northwestern Madagascar also act as species barriers for Lepilemur 

spp. However, in IRS IV, V and VI, the two genera show slightly different distribution 

patterns. Interestingly, these are also the regions that showed discrepancies within a genus 

between studies of different research teams (Microcebus: Olivieri et al. 2007 vs. 

Andriantompohavana et al. 2006; Lepilemur: Craul et al. submitted vs. Louis et al. 2006b). 

Whether this indicates different phylogeographic histories of different genera, incomplete 

sampling of IRSs or taxonomic uncertainties still needs to be determined. Clarification can 

only come by sequencing the same loci for all species and conducting a sampling scheme that 

is finer and covers different altitudes and watersheds.  

7.1.2 Community ecology (Chapter 6) 

Understanding why a species is present or absent within its geographical range is a complex 

matter that needs to consider a variety of historical and current abiotic and biotic factors. 

Abiotic factors that usually have proven reliable indicators include habitat area, latitude, 

altitude, temperature and rainfall (Stevens & O'Connor 2006). The biotic factors that have 

been mostly investigated are vegetation diversity and past and present species co-occurrence. 

Vegetation diversity can be relevant for several reasons. Obviously, the vegetation available 

must cover the nutritional needs (directly or indirectly) of the species investigated but can also 

provide other vital resources such as sleeping nest for mouse lemurs. Species co-occurrence is 

important because species living in sympatry may either rely on each other, or on the 
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contrary, be competitors or predators (Lotka 1925; Volterra 1926; Gause 1934). Ideally, not 

only extent but also extinct sympatric species should be considered. At last, anthropomorphic 

changes are also important factors that need to be considered to fully understand the current 

distribution and community living of different species. Many studies in primatology have 

investigated some of these traits of community ecology over more or less broad geographical 

ranges (e.g. Fleagle & Mittermeier 1980; Peres 1987; Lehman 2000). The results are very 

different from study to study and difficult to compare. Primate biogeography is now entering 

a period of new analytical methods and synthesis (Lehman & Fleagle 2006). Data that has 

been collected in the past needs to be assembled and uniformed. Meanwhile, new data should 

be collected in order to better understanding what determines the special patterns of species.  

Our study aimed to contribute to the intense effort to identify the factors that determine 

species occurrence within its geographic range. We therefore visited 18 forest fragments in 

northwestern Madagascar and collected night census data, capture data, ecological data, and 

human disturbance data along 1 km trails. This allowed us to characterize the lemur 

community present and give a description of the forest types, structure and level of human 

disturbance.  

On the generic level, we could show that on one hand, small-bodied primates such as 

Microcebus spp. and Cheirogaleus spp. are present in almost all forest fragments even though 

the population densities of mouse lemurs correlated negatively with signs of human presence. 

On the other hand, medium size nocturnal lemur species were not often sighted. We 

hypothesize that in some sites, these species have gone locally extinct due to the high hunting 

rate. Large-bodied diurnal or cathemeral lemurs had a medium occurrence rate.  

On the genus level, we concentrated on mouse lemurs. Although mouse lemurs were 

found in 17 of the visited forest fragments, two species of this genus did not always live in 

sympatry when there distribution would have allowed it. Moreover, most of the species were 

present in different forest types. The population densities were especially high for 

M. ravelobensis. We conclude that the presence/absence of a given species can not be simply 

explained by the forest type or the co-occurring lemur species. We therefore considered 

microhabitat preferences. We conducted such a microhabitat analysis with M. murinus for 

which sufficient data was available. A factor analysis comparing trails where the species was 

present to those where it was absent could not clearly differentiate the forest density and 
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forest structure of both categories. The next stage, which was out of the scope of this study, 

could be to assemble this data set to others that have been collected by our research group or 

others on mouse lemurs.  

7.2 Mouse lemur phylogeny and phylogeography (Chapter 3) 

Until the 1960s, phylogenies, the reconstruction of evolutionary relationships between 

organisms, were mostly based on the level of similarity of morphological, embryological, and 

paleontological characters among the species investigated. As of then, new techniques in the 

field of molecular biology were developed and have helped to better understand the 

phylogenetic relationships of many taxonomic groups. In the first part of this section, I will 

discuss why molecular data are of particular importance to elucidate the origins and evolution 

of mouse lemur biodiversity. The second part places the phylogenetic results in a 

phylogeographic context which enables us to understand the biogeographic pattern that we 

found in northwestern Madagascar. Finally, this section will end with the intense and ongoing 

debate on species concepts.  

7.2.1 Cryptic species 

Twelve external body measurements were compared between the mouse lemur species 

sampled. Between two to ten of these measurements were significantly different between 

geographically neighboring species. Similarly, field observation revealed that some species 

were easily identified while others where more difficult to differentiate. For example, 

M. myoxinus was easy to distinguish from its neighbor M. ravelobensis and M. danfossi could 

not be mistaken for M. sambiranensis. However, M. ravelobensis, M. bongolavensis and 

M. danfossi all showed high 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. Speciation can 

be based on changes in communication, ecology, behavior, or reproductive schedules traits 

that lead to continuous reproductive isolation (Coyne & Orr 2004). However, since humans 

rely mostly on the visual sense, most species descriptions that had been published prior to the 

“DNA sequencing era” were based on morphological differences. Yet, in many other taxa, 
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chemical or auditory characters are, for example, far more important means of 

communication. This is presumably the case for the nocturnal mouse lemurs that mostly use 

olfaction and vocal communication for individual and species recognition (Braune 2006). 

Therefore, species might differ among each other at these levels, but would not be easily 

recognized as such by traditional taxonomic studies. As a consequence, the true number of 

species is easily underestimated as in the case of mouse lemurs. Cryptic species have been 

revealed in many taxa and habitats (Bickford et al. 2007). Many cryptic species are either 

differentiated by nonvisual mating signals and/or appear to be under selection that promotes 

morphological stasis. It is often assumed that cryptic species result from speciation that is so 

recent that morphological traits or other diagnostic features have not yet had enough time to 

evolve. However, this might be in some cases an erroneous assumption. Extreme 

environmental conditions such as those known in Madagascar, have been hypothesize to 

impose stabilizing selection on morphology, reducing or eliminating morphometrical changes 

that can accompany speciation (Colborn et al. 2001; Lefebure et al. 2006). High levels of 

cryptic species in Artic tundra (Grundt et al. 2006), deep-sea environments (Vrijenhoek et al. 

1994) and underwater karst (Lefebure et al. 2006) have been explained this way. Recognizing 

cryptic species is obviously important for conservation planning but also to understand which 

factors drive speciation. 

7.2.2 Molecular phylogeny and phylogeography 

Genetic data, typically mtDNA sequences, are being used increasingly in the identification of 

cryptic species. Levels of genetic diversity within species have often been used as benchmark 

for determining species limits (Harris & Froufe 2005). As soon as exceptionally high levels of 

genetic differentiation were found between populations, they are used to infer species status. 

The problem with this method is that there can not be a reliable and single measure of intra- 

or interspecific level of genetic variation throughout all taxonomic levels. Each genus needs 

to be considered separately. However, the genetic diversity between already recognized 

species (often based on morphological differences between sympatric species) can be used as 

a yardstick for the genetic diversity that should be expected between species. We applied this 

method, among others, to recognize the three new species described. We found between 4.5 

and 13.0% sequence variation between species. These percentages can only be compared to 

values given in other studies when exactly the same loci are being considered, due to different 
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mutation rates among loci. Within species, we found up to 3.9 % sequence variation. The gap 

between intra- and interspecific genetic differentiation is rather small but nevertheless discrete 

and not overlapping.  

The molecular phylogeny we reconstructed included one to two individuals of each 

color morph sampled in 23 sites and reference sequences from all so far known species. The 

terminal clades, which represent the different species, where highly supported and stable 

across all phylogenetic methods employed. However, the relationship between them was not 

always the same in all phylogenetic reconstructions. Molecular phylogenies from other mouse 

lemur studies (Yoder et al. 2000; Andriantompohavana et al. 2006; Louis et al. 2006a) also 

showed such discrepancies even though they sometimes based on much longer concatenated 

sequences. Incongruous results between phylogenies can be a result of (1) violations of the 

orthology assumption, (2) stochastic errors related to the length of the genes, (3) systematic 

error leading to tree reconstruction artifacts generated by the presence of a nonphylogenetic 

signal in the data (Jeffroy et al. 2006). The first point is mostly a problem when comparing 

species of different genera and is therefore not relevant in this study. The second point may be 

relevant for us, but could be buffered by an analysis including more genes and a combination 

of nuclear and mitochondrial DNA. This is one of the reasons why so much hope has recently 

been put in phylogenomics (Gee 2003). However, the third problem, systematic error, is not 

expected to disappear with additional data (Felsenstein 1978). On the contrary, Jeffroy et al. 

(2006) showed that systematic biases are more problematic in genomic trees and can result in 

highly supported phylogenies that are wrong. However, we are far from using whole genomes 

in mouse 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 

most of our molecular phylogenetic reconstructions and had good support. Moreover, they 

made sense from a geographical point of view. The first separated the monophyletic clade of 

M. murinus and M. griseorufus from all other species. The two resulting major clusters 

therefore had different common ancestors that gave rise to a grayish and a reddish clade each. 

The second reliable clustering pattern, within the reddish species, revealed consistent 

monophyly for M. ravelobensis, M. bongolavensis and M. danfossi. Combining these results 
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to the observed distributions of the different species, we developed a possible evolutionary 

scenario for the given mouse lemur biodiversity. 

We proposed that, at the end of the Tertiary, the grayish forms may have been limited to 

the dry habitats of southwestern Madagascar and the reddish forms may have been restricted 

to the more humid forests of eastern and northwestern Madagascar. During the cooler and 

drier periods of glaciations, the southwestern part of the island has most likely aridified 

further and the major dry forests may have vanished from there completely. As a 

consequence, the southern grey forms might have been forced to use the forest corridors 

around the 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 dry forests of western 

Madagascar, the grayish species 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. This hypothesis could be tested by tracing back the 

unidirectional genetic signature in the genetic diversity of the grayish species of today. It 

should reflect a unidirectional migration pattern from south-central Madagascar up to the 

northern parts of the island. However, this would require much more systematic sampling and 

therefore lied beyond the scope of this thesis. 

We furthermore hypothesize that the more humid forests of eastern and northwestern 

Madagascar also decreased in size during the Pleistocene, but did not vanish completely. 

However, without the adaptations to arid environments, the reddish forms (maybe with the 

exception of M. myoxinus) could not migrate between neighboring 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 reddish species live in their current distribution because their 

ancestors already lived and speciated in that area. Post-Pleistocene expansion may also have 

occurred but was again restricted to the single IRS of origin. MtDNA sequences, especially 

the D-loop, 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. In our studies (Chapters 2, 4 and 5), as 
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expected under the speciation model we propose, the D-loop sequences of three reddish 

species did not reveal any geographic structure. The level of diversity was extremely high and 

did not contradict the regional post-glacial expansion hypothesis. However, recent 

demographic changes cover the signal so it is premature to conclude that mouse lemur 

evolution really followed the suggested scenario. For the future, a systematic analysis of the 

grayish populations and/or the sequencing of slower mutating genes are needed to answer this 

question.  

7.2.3 The species concept debate 
The number of mouse lemur species recognized has increased from two (Tattersall 1982) to 

fifteen within the last 15 years. A similar species inflation took place in other lemur genera. 

The most extreme example for this phenomenon is the genus Lepilemur (Rumpler et al. 2001; 

Ravaoarimanana et al. 2004; Andriaholinirina et al. 2006; Louis et al. 2006b; Rabarivola et al. 

2006), but it can also be seen in Mirza (Kappeler et al. 2005), Cheirogaleus (Groves 2000; 

Hapke et al. 2005), Phaner (Groves & Tattersall 1991; Groves 2001), Hapalemur (Meier et 

al. 1987; Warter et al. 1987; Groves 2001; Fausser et al. 2002; Rumpler et al. 2002), Avahi 

(Thalmann & Geissmann 2000, 2005) and Propithecus (Simons 1988; Groves 2001; 

Thalmann et al. 2002; Mayor et al. 2004).  

In some cases, mostly in the diurnal species, several strongly polytypic lemur clades 

that were formerly seen as subspecies have been promoted to full species. In other cases, 

mostly in nocturnal and more uniformly colored species, taxa that were monotypic and 

classified together, have been subdivided, primarily based on molecular data. The trend in 

describing new species is not limited to lemurs, but can also be observed in other taxonomic 

groups. The history of taxonomy shows that there have always been scientists who tend to 

“lump” entities together, while other tend to “split them up” (Bickford et al. 2007). Which 

“school” one belongs to mostly depends which taxon one is working on. For example, 

taxonomists of moss species are typical “lumpers” while scientists involved in the taxonomy 

of marine mollusks tend to split taxa solely based on the shell patterns (Bickford et al. 2007). 

In primatology, however, we find fervent defenders of both the “splitting” and the “lumping” 

approaches.  

Most of the differences among these two schools are due to the adoption of different 

species concepts. The basic problem is that as one species splits into two over the millennia, 



Chapter 7 General discussion 
 

 218

there is not an exact time as of which it can clearly be considered as two species. In other 

words, species are a concept formulated by humans that is applied to natural entities that do 

not follow categorical rules. Over 25 species definitions (Coyne & Orr 2004) have been 

proposed over the years, trying to use different criteria to overcome this problem. The most 

commonly used one is Ernst Mayr’s (1963) biological species concept (BSC) that 

characterizes species as “groups of interbreeding natural populations that are reproductively 

isolated from other such groups”. Another species concept that has recently gained 

momentum is the phylogenetic species concept (PSC). The principal architects of the PSC are 

Eldredge and Cracraft (e.g. Cracraft & Eldredge 1979; Cracraft 1983, 1989). Though there are 

subtle variations of the PSC, it basically says that diagnosable geographic forms of the same 

basic kind of organisms should be treated as distinct species. In addition, these forms must 

have a unique evolutionary history. It was shown that defenders of the more relaxed PSC 

usually recognize more species (on average about 48% more) than defenders of the BSC 

(Agapow et al. 2004). This phenomenon has been made responsible for the recent taxonomic 

inflation (Isaac et al. 2004) that is particularly prominent in primatology. A period of relative 

stability in the number of recognized primate species ended around 1985 when primatologists 

started applying the PSC.  

Recently, however, Tattersall (2007) has criticized the “splitters”, for not interpreting 

the PSC correctly. He argues that several new species description have not proven the second 

part of the PSC, which says that “real species” must show a paternal pattern of ancestry and 

descent. Diagnostic characters by themselves may not be enough, and elements on 

evolutionary history, such as geographic distribution, ecological displacements, potential 

reproductive impediments of all kinds, and information about possible hybrid zones, need to 

be included. By applying these conservative criteria to the 84 lemur species that have been 

published up to the beginning of 2007, Tattersall (2007) grants the species status to only 62 of 

them. All the others are, in his opinion, either spurious or prematurely described as species.  

In this thesis, we have defined the geographic distributions of six mouse lemur species 

inhabiting western to northern Madagascar and contributed to defining the range of two 

others. We have offered an explanation on how the different species may have evolved. We 

described species-specific morphometric differences and demonstrated the monophyly and 

distinctiveness of each taxon. Clearly, many more ecological, behavioral and reproductive 
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data need to be collected to fully comprehend the full range of mouse lemur biodiversity. 

However, even though not all criteria mentioned by Tattersall (2007) can be tested at this 

stage, all of these taxa are evolutionarily distinct and diverged from another over millions of 

years. Allopatric mouse lemur species show similar genetic distances as sympatric mouse 

lemur species, supporting their recognition as distinct species. Allopatric speciation is known 

to be the major mechanism leading to the evolution of new taxa even if the ranges of the new 

taxa don’t come to overlap after the speciation process has happened. In summary, these taxa 

are independent evolutionary actors and only the full array of them represents the extant 

biodiversity of mouse lemurs. They deserve our attention when debating over the 

evolutionary history of lemurs, over the threats to their long-term survival and effective 

conservation plans. 

7.3  Mouse lemur conservation genetics (Chapter 2, 4, and 5) 

The World Conservation Union (IUCN), which has an official Observer status at the United 

Nations General Assembly, recognizes the need to conserve biological diversity on three 

levels: the ecosystem diversity, the species diversity and the genetic diversity. Although the 

two first mentioned levels are self-explaining, the third is not intuitive. Two decades ago, the 

contribution of genetic factors to the fate of endangered species was considered to be minor. 

As this discipline begun to flourish and win more weight in decision making, a controversy 

began over the importance of genetic factors in conservation biology. For example, (Lande 

1988) argued that demographic factors, environmental fluctuations (stochasticity) and 

catastrophes will drive wild populations to extinction before genetic factors become effective 

and a debate has persisted since then (e.g. Caro & Laurenson 1994). The body of evidence 

supporting the contention that genetic changes in small populations are intimately involved 

with their fate is, however, more and more compelling. 

Meanwhile, conservation genetics has thrived in studies such as those presented in this 

thesis. The knowledge of genetics can help the conservation of biodiversity in several ways. 

Our work allowed defining the distributions of several mouse lemur species (Chapter 3), 

which is a prerequisite to determine their conservation status. Moreover, within three reddish 

species (M. ravelobensis, M. bongolavensis and M. danfossi), we were able to quantify the 

remaining genetic diversity using two kinds of markers, D-loop sequences (Chapter 2, 4, 5) 

and characterization of eight microsatellites (Chapter 4, 5), within and between several 
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populations. By applying a wide range of analytical methods, including some well established 

ones and some new ones, we were able to uncover demographic changes that took place in the 

recent history of these populations. We found very similar results for all three species. 

Overall, the amount of genetic diversity was relatively high. Exceptions were D-loop 

haplotype diversity in the smallest fragments that seem to have already suffered from genetic 

depletion and two microsatellite loci that were originally identified in Eulemur species. The 

D-loop data set suggested that there is a high level of genetic differentiation among sites, 

whereas the microsatellite data set showed only low to moderately high differentiation. No 

geographic structure could be detected in the haplotype networks. With the microsatellite data 

set, genetic structure was detected but clustering patterns between populations were not clear. 

Exceptions were the samples collected in different parts of Ankarafantsika National Park and 

two populations of M. ravelobensis near the coast which respectively clustered together. 

Despite the lack of overall clear clustering patterns, we did find evidence for isolation-by-

distance in the mtDNA data.  

Both the mtDNA and the microsatellites data sets indicated that almost all populations 

of all three species have suffered from a recent population crash. Quantifying and dating this 

event with the microsatellite data set indicated a 100-fold decrease that took place after the 

arrival of humans, and most likely within the last 500 years. Our results provide strong 

evidence for the hypothesis that forest changes prior the arrival of humans and those caused 

by the first generations of human settlers did not significantly affect the mouse lemur 

populations. Only recently has deforestation and forest fragmentation become so dramatic that 

it has caused a population collapse which has left recognizable genetic signatures in the study 

populations. Urgent and efficient action needs to be undertaken in order to ensure long-term 

survival of these species.  

The Malagasy government is in the process of tripling the surfaces of protected areas. 

We could show that M. bongolavensis and M. danfossi are not sufficiently protected in the 

current Protected Area Network and need special attention in the near future. By combining 

our results on the genetic diversity of these populations to the observations on the state of the 

remaining forest fragments, the willingness of the local population to protect the area and the 

accessibility to the sites, we determined which sites are worth protecting. For 

M. bongolavensis, we advise reinforcing the efforts that are currently being undertaken to 
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protect the Bongolava forest and for M. danfossi, we encourage the efforts towards the 

protection of Anjamangirana I and highly recommend further research in that IRS to identify 

further promising forest fragments  that should be put under protection.  

It is currently well established that genetics can help us to identify the populations of 

concern by doing an assessment at a single point in time using a few neutral markers, such as 

we did. However, conservation genetics is a fast evolving field that constantly develops new 

analytical tools. Presently, it seems that this field is already and will be increasingly heading 

in three complementary directions: (1) adding a temporal dimension, (2) greatly increasing 

the number of markers used and including non-neutral ones, (3) combining the genetic results 

to ecological and landscape approaches. I will shortly review each of these points and 

mention how they can hopefully improve conservation measures in the future, especially for 

mouse lemurs. 

First, genetic monitoring, as opposed to a genetic assessment, has a temporal dimension. 

Many national and international organizations have established guidelines on how to monitor 

biological diversity in order to assess the consequences of anthropogenic changes on the 

environment. However, the issue of genetic monitoring is often not mentioned at all or not 

used to its full advantage (e.g. Schwartz et al. 2007). Information relevant to both ecological 

and evolutionary time frames can be gained, while possibly costing less and being more 

sensitive and reliable than traditional monitoring approaches. This is especially true for 

species in which DNA samples can be collected using non-invasive methods. For example, 

individual recognition can be guarantied and, over the years, provide important information 

on reproductive rates of the concerned species. However, genetic monitoring could also 

provide valuable information on species that need to be captured in order to collect DNA. By 

resampling a population after a few years, population size estimates, gene flow rates and 

population admixture rates become more accessible (Luikart et al. 1999; Spencer et al. 2000; 

Ramakrishnan et al. 2005). Mouse lemurs would make an excellent model species to answer 

such questions since they have a generation time of only one year.  

Second, lab techniques are becoming cheaper and more accessible, greatly increasing 

the amount of genetic data that can be generated. The current and future capacity of genome 

centers will undoubtedly generate sequences of the entire genome of hundreds of organisms. 

Not only will species relevant for medical purposes soon be entirely sequenced, but also many 
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red-listed mammals or one of their close relatives, including M. murinus 

(http://www.genome.gov/10002154). This will allow significant progress as it will provide an 

almost infinite number of neutral marker that can be used to characterize wild populations, 

thereby resulting in more precise estimations of the loss of genetic diversity. Furthermore, a 

comparative approach utilizing contrasts in variation between endangered and closely related 

non-endangered taxa could highlight changes in levels of detrimental or/and adaptive 

variation (Kohn et al. 2006). The interpretation of such changes in primates will certainly be 

facilitated by the rapidly increasing knowledge in their close relative, humans. Microcebus is 

an important model organism in medical research, especially neuroscience. We therefore can 

expect that a significant effort will be made in first sequencing the genome and then 

determining functionally important regions. Such knowledge could be used to quantify levels 

of detrimental genetic variation or adaptive variation in populations suffering from 

anthropogenetic changes in the wild.  

Third, integrating genetic datasets with other classical (e.g., behavior ecology, 

morphology) fields of zoological research is constantly broadening our understanding of the 

evolutionary basis of many biological phenomena. More recently developed tools, such as 

geographic positioning system (GPS) technologies and mathematical modeling and 

simulations, have also proven extremely valuable. For example, parts of our study heavily 

relied on GPS positioning and satellite pictures since maps of Madagascar are hopelessly 

inaccurate. However, it remains challenging for scientists coming from different fields such as 

biology, geography or geology to synergistically advance their respective fields of work. 

Conservation genetics is a crisis discipline (DeSalle & Amato 2004) that urgently needs 

to understand the patterns and processes that conservation biology aims to describe. Decisions 

have to be made rapidly based on currently available data, so it is important to expand the 

tools that help researchers to quickly and efficiently collect information. Conservation 

genetics has proliferated in the last decades and has been integrated and adapted for 

conservation biology, but still faces many challenges. For example, the multitude and 

complexity of data generated is difficult to compare or weigh when it comes to taking 

decisions in conservation. Complex simulations with the most advanced methods may still 

require large computational capacities and a long time. And finally, we still lack the 
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methodological tools to tear apart the different time-frames of genetic processes, e.g. to detect 

ancient migration processes despite recent fragmentation and demographic changes.  
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Molecular phylogenetics and conservation genetics of mouse lemurs 

(Microcebus spp.) in northwestern Madagascar 

 

Mouse lemurs (Microcebus spp.) are small nocturnal primates that occur in different types of 

primary and secondary forests throughout Madagascar. Based on dominant fur coloration, 

mouse lemurs can be divided into grayish and reddish forms. Several recent taxonomic 

revisions resulted in an extraordinary increase of recognized species, with poorly known 

distributions. Northwestern Madagascar, a part of the island subject to high levels of human 

activities leading to massive forest destruction and fragmentation, has hardly been studied in 

this respect.  

The first aim of this thesis was to clarify the biogeography and phylogenetic 

relationships of mouse lemur species in northwestern Madagascar. We wanted to test two 

biogeographic models that have been proposed in the past. One suggests that major rivers and 

mountains combine to act as effective barriers to gene flow and thereby facilitate allopatric 

speciation processes, while the other uses an analysis of watersheds in the context of 

Quaternary climatic shifts. Mouse lemurs were systematically caught, sampled and 

morphometrically characterized in 25 sites covering the areas between all major rivers in that 

part of the island. The phylogeny, which was based on the sequences of three mitochondrial 

loci, revealed a previously unknown biodiversity with three new mouse lemur species among 

the reddish forms, each being restricted to only one Inter-River-System (IRS). We named 

these species M. bongolavensis, M. danfossi and M. lokobensis and provided a formal species 

description for each. In contrast to the reddish forms, grayish forms have a very low species 

diversity coupled with broad distributions that cover more than one IRS. Elements of both 

biogeographic models were combined in a new phylogeographic hypothesis that aims to 

explain the speciation process that lead to the present distribution of mouse lemurs in 

Madagascar. 

The second aim of this thesis was to understand what determines the presence or 

absence of mouse lemur species within their geographic distribution. Previous studies 

described species with broad distributions from several forest types while species limited to 

one IRS were typically known only from one forest type. We tested if this is a general pattern 
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or is due to the lack of ecological data on the species with smaller ranges. Night census, 

capture, ecological and human disturbance data were collected along 1 km trails in 18 forest 

fragments in northwestern Madagascar. Microcebus spp. was present in 17 sites and between 

two to seven other lemurs species were either seen by us or reliably described by local people. 

Population densities of mouse lemurs correlated negatively with signs of human presence, 

possibly reflecting a vulnerability of these small lemurs towards anthropomorphic changes. 

We showed that almost all mouse lemur species are present in different forest types. We 

therefore conclude that the presence/absence of a given species can not be simply explained 

by the forest type and that microhabitat preferences need to be considered. A microhabitat 

analysis for M. murinus could not clearly separate sites of presence from sites of absence.  

The third aim of this thesis was to characterize the population genetic structure of three 

reddish mouse lemur species (M. ravelobensis, M. bongolavensis and M. danfossi), for which 

samples were collected over their entire ranges. Genetic diversity was determined using two 

kinds of markers: D-loop (mtDNA) sequences and eight microsatellites. We found similar 

results for all three species. Overall, the amount of genetic diversity was relatively high. An 

exceptions was D-loop haplotype diversity in the smallest fragments that seem to have 

already suffered from genetic depletion. The D-loop data set suggested that there is a high 

level of genetic differentiation among sites, whereas the microsatellite data set showed only 

low to moderate differentiation. No geographic structure could be detected in the haplotype 

networks. With the microsatellite data set, the genetic structure only showed clear geographic 

clusters for some sites within the range of M. ravelobensis. Both the mtDNA and the 

microsatellite data sets indicated that almost all populations of all three species have suffered 

from a recent population collapse. Quantifying and dating this event indicated a 100-fold 

decrease that took place after the arrival of humans, and most likely within the last 500 years. 

Madagascar aims to triple the surface of protected areas within the next few years. We could 

show that neither M. bongolavensis nor M. danfossi are sufficiently protected in the current 

Protected Area Network. Based on high levels of genetic diversity, we strongly recommend 

the protection of the Bongolava forest for M. bongolavensis, which is already being 

considered. For M. danfossi, we conclude that urgent measures to protect several remaining 

forest fragments containing viable populations need to be taken.  



 

 

 

 
Chapter 9 

 

Zusammenfassung



Chapter 9 Zusammenfassung 
 

 231

Molekulare Phylogenie und Artenschutzgenetik von Mausmakis 

(Microcebus spp.) im Nordwesten von Madagaskar 

 

Mausmakis (Microcebus spp.) sind kleine nachtaktive Primaten, die in verschiedenen Primär- 

und Sekundärwäldern überall auf Madagaskar vorkommen. Mausmakis können, basierend auf 

der dominierenden Fellfarbe, in rötliche und graue Arten unterteilt werden. Als Folge einiger 

taxonomischer Neubeschreibungen nahm die Anzahl von anerkannten Arten in den letzten 

Jahren deutlich zu. Allerdings sind die Verbreitungsgebiete vieler Arten noch nicht gut 

definiert. Außerdem wurde der Nordwesten Madagaskars, ein Teil der Insel, der besonders 

unter Waldfragmentierung und Abholzung leidet, in dieser Hinsicht bislang kaum untersucht. 

Das erste Ziel dieser Arbeit war es, die Biogeographie und die phylogenetischen 

Beziehungen zwischen den verschiedenen Mausmaki-Arten in Nordwest-Madagaskar zu 

klären. Diese Ergebnisse wurden in einem zweiten Schritt dazu benutzt, zwei bestehende 

biogeographische Modelle zu testen. Während das erste Modell annimmt, dass breite Flüsse 

und Berge as effiziente Barrieren für den Genfluss wirken und deshalb allopatrische 

Speziationsprozesse ermöglichen, bezieht sich das zweite Modell auf eine Analyse der 

Wassereinzugsgebiet im Kontext des Klimawandel während des Quartärs. Mausmakis wurden 

in 25 Gebieten systematisch gefangen, morphometrisch charakterisiert und es wurden Proben 

für molekulare Analysen entnommen. Diese Gebiete decken alle Zonen zwischen den breiten 

Flüssen dieser Region ab. Die Phylogenie, die auf den Sequenzen von drei mitochondrialen 

Loci basierte, enthüllte eine bislang nicht bekannte Biodiversität mit drei neuen rötlichen 

Mausmaki-Arten, die jeweils nur innerhalb eines Inter-River-Systems (IRS) (durch zwei große 

Flüsse getrennte Gebiete) vorkommen. Diese drei neuen Arten erhielten die Namen 

M. bongolavensis, M. danfossi und M. lokobensis und wurden neu beschrieben. Im Gegensatz 

zu den rötlichen Arten gibt es bei den grauen Mausmakis auf Artniveau nur eine geringe 

Diversität. Außerdem haben diese Arten größere Verbreitungsgebiete, die mehrere IRSs 

einschließen. Aufgrund unserer Daten kombinierten wir Teile beider oben genannter 

biogeographischen Modelle, um eine neue Hypothese über Speziationsprozesse, die die 

heutige Verbreitung der Mausmakis erklären könnte, aufzustellen.  

Das zweite Ziel dieser Arbeit war es, die Anwesenheit oder Abwesenheit einer 

Mausmaki-Art in einzelnen Waldgebieten innerhalb ihres Verbreitungsgebietes zu verstehen. 
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Frühere Studien haben ergeben, dass Arten mit großem Verbreitungsgebiet in mehreren 

Waldtypen vorkommen. Arten, die hingegen auf ein IRS beschränkt sind, wurden bislang 

meist nur in einem einzigen Waldtyp beobachtet. Wir wollten testen, ob dies ein generelles 

Muster darstellt, oder durch die eher mangelhafte ökologische Datenlage zu den auf ein IRS 

begrenzten Arten bedingt ist. Nacht-Zensus-Beobachtungen, Fangdaten und Daten über die 

Struktur und anthropogene Störungen der Habitate wurden entlang 1 km langer Pisten in 18 

Waldfragmenten im Nordwesten Madagaskars erhoben. Microcebus spp. wurde in 17 

Gebieten gesichtet. Außerdem wurden zwischen zwei und sieben andere Lemurenarten 

entweder von uns beobachtet oder von der lokalen Bevölkerung glaubwürdig beschrieben. 

Die Populationsdichte der Mausmakis korrelierte negativ mit dem Grad anthropogener 

Störungen. Dies deutet, dass sogar diese kleinen Primaten gegenüber den von Menschen 

verursachten Veränderungen empfindlich sind. Wir konnten zeigen, dass fast alle Mausmaki-

Arten in verschiedenen Waldtypen vorkommen. Daraus schließen wir, dass die 

Anwesenheit/Abwesenheit einer Art nicht einfach durch den Waldtyp erklärbar ist. 

Mikrohabitatpräferenzen spielen wahrscheinlich eine wesentliche Rolle. Wir haben bei 

M. murinus eine Mikrohabitat-Analyse durchgeführt, jedoch keine klare Trennung in der 

Waldstruktur entlang Pisten mit M. murinus Vorkommen gegenüber denen ohne M. murinus 

feststellen können.  

Das dritte Ziel dieser Arbeit war es, die Populationsgenetik von drei rötlichen 

Mausmaki-Arten (M. ravelobensis, M. bongolavensis und M. danfossi), über ihr gesamtes 

Verbreitungsgebiet hinweg zu charakterisieren. Die genetische Diversität wurde an Hand von 

zwei Typen von genetischen Markern festgestellt: die Sequenzen der D-loop Region 

(mitochondriale DNA) und acht nukleare Mikrosatelliten. Generell waren die Ergebnisse 

zwischen allen drei Arten vergleichbar. Die genetische Diversität war hoch. Ausnahmen gab 

es lediglich bezüglich D-loop Haplotypen-Diversität in den kleinsten Waldfragmenten, was 

darauf hindeutet, dass in diesem Gebiet der Prozess der genetischen Verarmung schon 

begonnen hat. Die Sequenzdaten deuten auf eine hohe genetische Differenzierung zwischen 

den Gebieten hin. Die Mikrosatelliten jedoch zeigten nur eine niedrige bis mittlere 

Differenzierung. Wir konnten keine geographische Struktur im Haplotypen-Netzwerk 

feststellen. Basierend auf den Multilokus-Genotypen konnte nur zwischen einigen 

Populationen von M. ravelobensis eine geographische Struktur festgestellt werden. Die 
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Datensätze ergaben weiterhin, dass fast jede untersuchte Population von jeder der drei Arten 

einen rezenten Populationskollaps erfahren hat. Die Quantifizierung und Datierung dieser 

Geschehnisse ergab, dass die nach der Ankunft der ersten Menschen, vermutlich innerhalb der 

letzten 500 Jahre, geschah und die Populationen heute auf ein Hunderdstel der 

Ausgangsgröße geschrumpft sind. Madagaskar plant, die Fläche seiner Schutzgebiete in den 

nächsten Jahren zu verdreifachen. Wir konnten zeigen, dass im aktuellen Netzwerk von 

Schutzgebieten weder M. bongolavensis noch M. danfossi ausreichend geschützt sind. Für 

M. bongolavensis unterstützen unsere Daten die aktuellen Bemühungen, den Bongolava Wald 

unter Schutz zu stellen, weil dort noch eine hohe genetische Diversität vorliegt. Für 

M. danfossi ziehen wir die Schlussfolgerung, dass dringend Maßnahmen ergriffen werden 

müssen, um mehrere kleinere Waldgebiete in dessen Verbreitungsgebiet unter Schutz zu 

stellen und damit den langfristigen Erhalt der genetischen Diversität und dadurch dieser Art 

zu gewährleisten.  
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