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Summary
Helena Marisa Osório Teixeira
Reconstructing the past: demographic fluctuation in dynamic landscapes modelled for mouse
lemurs in Madagascar

Historical climatic changes have been proposed as strong drivers of the extraordinary
biodiversity observed in tropical biomes. However, it remains unclear whether and how such
changes shaped current species diversity and distribution. The island of Madagascar constitutes a
key area to study these interrelationships due to its high level of endemism and low human impact
until the late Holocene. It has long been assumed that the climate in Madagascar was generally
colder and more arid during glacial periods, and that the extent of the forest cover dramatically
contracted during these times. However, solid evidence for historical forest cover dynamics in
different regions and habitat types on Madagascar is still missing. In this thesis, a multidisciplinary
approach that integrated paleoecological reconstructions with demographic modelling was used in
Madagascar to investigate the impact of late Quaternary climatic changes on the evolutionary
trajectories of three forest-dwelling primate species, belonging to the genus Microcebus. Two
independent studies were conducted to explore and compare the demographic history of mouse
lemur species adapted to humid montane rainforest (M. arnholdi; Montagne d’Ambre National
Park, chapter 2) and to lowland dry deciduous forest (M. murinus and M. ravelobensis;
Ankarafantsika National Park, chapter 3).
In the first study (chapter 2), demographic inferences of M. arnholdi were integrated with
high-resolution paleoenvironmental reconstructions from northern Madagascar generated in
parallel to this thesis. Mouse lemur individuals were sampled in the North (Mahasarika, n = 14)
and South (Fantany, n = 32) of Montagne d’Ambre National Park, and paleoenvironmental
reconstructions were made available for the time since the Last Glacial Maximum (LGM) from a
location in the center of the national park (Lake Maudit). The demographic history of M. arnholdi
was studied with four complementary modelling approaches (Stairway Plot, PSMC, IICR
simulations and fastsimcoal2), using two alternative genomic datasets (Restriction-site associated
DNA sequencing (RADseq) for all individuals and whole-genome sequencing for one individual
per species from each study site). The paleoenvironmental reconstructions detected five major
periods of environmental change in Montagne d’Ambre, but also showed that forest had been
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present in this montane region of Madagascar at least since the LGM. The demographic history of
M. arnholdi following the LGM could be best explained by a population contraction prior to and
during the LGM, followed by a population expansion coinciding with the evergreen humid forest
expansion during the African Humid Period (AHP; 15.2 – 5.5 kyr BP = thousand years Before
Present) and by a subsequent demographic decline starting around the termination of this period.
The results also suggested an intensification of the most recent population bottleneck during the
last millennium. The integration of paleo-genomic data thus showed that the demographic
dynamics of M. arnholdi were triggered by major Quaternary environmental changes and by
substantial anthropogenic activities during the recent past (< 1 kyr BP). These findings are
congruent with the hypothesis that high-altitude areas such as the Montagne d’Ambre massif acted
as putative refugia for rainforest-dependent species during glacial cycles.
The second study (chapter 3) combined population genomic analyses for the partially cooccurring M. murinus and M. ravelobensis in northwestern Madagascar with ecological niche
models (ENMs) projected to the last Interglacial (LIG, ~130 kyr BP) and the LGM for each species
to evaluate potentially divergent evolutionary trajectories between the two species. Mouse lemur
individuals were sampled at two locations within Ankarafantsika National Park, Ravelobe and
Ankomakoma. Two genomic datasets were generated for the demographic analyses: a population
RADseq dataset composed by 22 M. murinus (7 from Ravelobe and 15 from Ankomakoma) and
55 M. ravelobensis individuals (33 from Ravelobe and 25 from Ankomakoma), and whole-genome
sequences of one M. murinus (Ankomakoma) and two M. ravelobensis individuals (Ravelobe and
Ankomakoma). Three demographic approaches were used to infer the demographic history of the
two mouse lemur species (Stairway Plot, PSMC and IICR simulations). In contrast to the
expectations, the paleoclimatic reconstructions suggested wetter and cooler rather than dryer
conditions in the study region during the LGM and the existence of larger suitable habitat areas for
M. murinus and M. ravelobensis during this period. The complementary demographic modelling
revealed that the populations of both species either underwent several population size changes
under a panmictic population model – if assuming a cooler and wetter LGM in northwestern
Madagascar as suggested by the ENMs – or several changes in population connectivity under a
structured population model – if considering the conventional view of a cooler and arid LGM.
Under the panmictic population model, the analyses suggested a spatial and demographic
expansion of the two mouse lemur species before and during the LGM. Alternatively the results
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may also be explained by stable population sizes but lower levels of connectivity for this period.
However, the lack of paleoenvironmental records reliably reconstructing the forest dynamics
reaching back to the LGM or even the LIG in northwestern Madagascar precluded a final decision
between these two alternative interpretations for M. murinus and M. ravelobensis.
In conclusion, the two studies suggest that the LGM may have differentially impacted
northern montane and northwestern lowland habitats and, consequently, the evolutionary
trajectories of mouse lemur species inhabiting these habitat areas. The present thesis contributes to
a better understanding of the impact of late Quaternary changes on forest-dwelling animals in
Madagascar and could help to formulate suitable conservation actions that will be needed to
mitigate anticipated negative effects of the accelerated human-induced climate change on long-the
term survival of mouse lemurs in dynamic and fragmented landscapes.
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Zusammenfassung
Helena Marisa Osório Teixeira
Rekonstruktion der Vergangenheit: Modellierung der demographischen Schwankungen von
Mausmaki-Populationen in Madagaskar

Historische Klimaveränderungen wurden als starke Triebkräfte für die außergewöhnliche
Biodiversität tropischer Biome vorgeschlagen. Es bleibt jedoch unklar, ob und wie solche
Veränderungen die gegenwärtige Artenvielfalt und -verbreitung beeinflusst haben. Die Insel
Madagaskar stellt aufgrund ihres hohen Endemismusgrades und der geringen menschlichen
Einwirkung bis zum späten Holozän ein Schlüsselgebiet zur Untersuchung dieser Zusammenhänge
dar. Lange Zeit ging man davon aus, dass das Klima in Madagaskar während der Eiszeiten kälter
und trockener war und dass sich die Waldflächen in dieser Zeit stark kontrahiert haben. Es gibt
jedoch noch keine soliden wissenschaftlichen Daten zur Dynamik der historischen Walddeckung
in verschiedenen Regionen und Waldtypen auf Madagaskar. In dieser Doktorarbeit wurde mit
einem multidisziplinären Ansatz, der paläoökologische Rekonstruktionen und demographische
Modellierung integrierte, auf Madagaskar der Einfluss spätquartärer Klimaveränderungen auf die
Evolution dreier waldbewohnender Primatenarten der Gattung Microcebus untersucht. Zwei
unabhängige Studien wurden durchgeführt, um die demographische Geschichte von
Mausmakiarten zu rekonstruieren und zu vergleichen, die an montane Regenwälder (M. arnholdi;
Nationalpark Montagne d'Ambre, Kapitel 2) und an laubwerfende Tiefland-Trockenwälder (M.
murinus und M. ravelobensis; Nationalpark Ankarafantsika, Kapitel 3) angepasst sind.
In der ersten Studie (Kapitel 2) wurden demographische Analysen für M. arnholdi mit
hochauflösenden paläoökologischen Rekonstruktionen aus dem Norden Madagaskars, die parallel
zu dieser Arbeit erstellt wurden, integriert. Mausmaki-Individuen wurden im Norden (Mahasarika,
n = 14) und Süden (Fantany, n = 32) des Montagne d'Ambre Nationalparks beprobt, und
paläoökologische Rekonstruktionen waren verfügbar für die Zeit seit dem letzten glazialen
Maximum (LGM) für einen Standort im Zentrum des Nationalparks (Maudit-See). Die
demographische

Geschichte

von

M.

arnholdi

wurde

mit

vier

komplementären

Modellierungsansätzen (Stairway Plot, PSMC, IICR Simulationen und fastsimcoal2) unter
Verwendung zweier alternativer genomischer Datensätze (Restriktionsstellen-assoziierte DNASequenzierung (RADseq) für alle Individuen und ganze Genomsequenzen für je ein Individuum
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pro Art aus jedem Untersuchungsgebiet) rekonstruiert. Die paläoökologischen Analysen ergaben
fünf Hauptperioden von Umweltveränderungen in Montagne d'Ambre, zeigten aber auch, dass in
dieser montanen Region Madagaskars mindestens seit dem letzten glazialen Maximum
kontinuierlich Wald vorhanden war. Die demographische Geschichte von M. arnholdi nach dem
LGM ließ sich am besten durch eine Kontraktion der Populationsgröße vor und während des LGM
erklären, gefolgt von einer Expansion, die mit der Ausdehnung des immergrünen Regenwaldes
während der afrikanischen Feuchtperiode (AHP; 15,2 - 5,5 kyr BP = tausend Jahre vor der
Gegenwart) zusammenfiel, und durch eine anschließende Abnahme der Populationsgröße, die
gegen Ende dieser Periode einsetzte. Die Ergebnisse deuten auch auf eine Intensivierung dieses
jüngsten Flaschenhalses während des letzten Jahrtausends hin. Die Integration der paläogenomischen Daten zeigte, dass die demographische Dynamik von M. arnholdi durch wesentliche
quartäre Umweltveränderungen und durch anthropogene Aktivitäten während der jüngsten
Vergangenheit (< 1 kyr BP) ausgelöst wurde. Diese Ergebnisse passen zur Hypothese, dass
hochgelegene Gebiete wie das Massiv des Montagne d'Ambre während der glazialen Zyklen als
Refugien für Regenwald-Arten fungierten.
Die zweite Studie (Kapitel 3) kombinierte populationsgenomische Analysen für die
teilweise sympatrisch vorkommenden Arten M. murinus und M. ravelobensis in NordwestMadagaskar mit ökologischen Nischenmodellen (ENM) für jede Art, die bis zum letzten
Interglazial (LIG, ~130 kyr BP) und LGM projiziert wurden, um die Evolutionsgeschichte beider
Arten in dieser Zeit zu rekonstruieren. Dazu wurden Mausmakis an zwei Orten im Ankarafantsika
Nationalpark, Ravelobe und Ankomakoma, beprobt. Für die demographischen Analysen wurden
zwei genomische Datensätze erstellt: ein RADseq-Datensatz, bestehend aus insgesamt 22 M.
murinus (7 aus Ravelobe und 15 aus Ankomakoma) und 55 M. ravelobensis Individuen (33 aus
Ravelobe und 25 aus Ankomakoma), sowie ganze Genomsequenzen von einem M. murinus
(Ankomakoma) und zwei M. ravelobensis Individuen (Ravelobe und Ankomakoma). Es wurden
drei Methoden verwendet, um die demographische Geschichte der beiden Mauslemurenarten zu
rekonstruieren (Stairway Plot, PSMC und IICR Simulationen). Entgegen der Erwartung ließen die
paläoklimatischen Rekonstruktionen auf feuchte und kühle anstatt auf trockene Bedingungen im
Untersuchungsgebiet während des LGM und auf das Vorhandensein größerer geeigneter
Habitatflächen für M. murinus und M. ravelobensis während dieses Zeitraums schließen. Die
komplementären demographischen Modellierungen ergaben, dass die Populationen beider Arten
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entweder mehrere Größenveränderungen unter einem panmiktischen Populationsmodell (wenn
man wie von den ENMs vorgeschlagen von einem kühlen und feuchten LGM im Nordwesten
Madagaskars ausgeht) oder mehrere Veränderungen der Populationskonnektivität unter einem
strukturierten Populationsmodell (wenn man die herkömmliche Ansicht eines kühlen und
trockenen LGMs in

Betracht

zieht)

durchlaufen haben. Unter dem panmiktischen

Populationsmodell schlugen die Analysen eine räumliche und demographische Expansion der
beiden Mausmakiarten vor und während des LGM vor. Alternativ könnten die Ergebnisse für
diesen Zeitraum auch durch stabile Populationsgrößen bei geringerer Konnektivität zwischen
Populationen erklärt werden. Das Fehlen detaillierter paläoökologischer Daten, die zuverlässig die
Walddynamik zurückgehend bis zum LGM oder sogar zum LIG im Nordwesten Madagaskars
rekonstruieren, erlaubte jedoch nicht die Entscheidung über diese alternativen Interpretationen für
M. murinus und M. ravelobensis.
Zusammenfassend deuten die beiden Studien darauf hin, dass das LGM die Lebensräume
der nördlichen Bergregionen und des nordwestlichen Tieflandes und folglich die Evolution der
Mausmakis, die diese Lebensräume bewohnten, auf unterschiedliche Weise beeinflusst haben
könnte. Die vorliegende Doktorarbeit trägt zu einem besseren Verständnis der Auswirkungen der
Klimaveränderungen im späten Quartär auf waldbewohnende Arten in Madagaskar bei und kann
helfen, geeignete Naturschutzmaßnahmen zu formulieren, die notwendig sein werden, um die
negativen Auswirkungen des vom Menschen verursachten Klimawandels auf das langfristige
Überleben der Mausmakiarten in dynamischen und fragmentierten Landschaften abzuschwächen.

XIII

XIV

Chapter 1 – General Introduction
1.1. Quaternary dynamics in climate and biota
1.1.1. Worldwide Quaternary changes in climate and vegetation
The Earth’s climate experienced periodic fluctuations during the past two millions
of years (Myr), characterized by drastic changes in the mean annual temperature and
precipitation, atmospheric and oceanic circulation patterns, monsoonal activity, storm
tracks and vegetational assemblages (1, 2). The Quaternary Period (2.4 Myr to the
present) comprises the Pleistocene and the current Holocene epochs and has been
dominated by glacial ~ interglacial periods (i.e. ice ages), that involved repeated abrupt
climate fluctuations between cold/arid and warm/humid conditions (3, 4). The transitions
between glacial and interglacial cycles were characterized by very rapid, high-amplitude
climatic oscillations that took place within a few hundred years (1). These marked
climatic shifts over short geological timescales strongly affected sea levels which in turn
caused major changes in the landmasses. However, the effects of the ice ages were
different across the world due to regional differences on the ocean currents, topography
and latitude (3, 5). In the northern Hemisphere, the glacial phases were characterized by
an advance of the polar ice sheets or permafrost, lower global temperatures and reduced
water availability. In contrast, the overall increase of mean annual temperature and
precipitation during the interglacials promoted the retreat of glaciers and resulted in large
areas of suitable habitats for temperate species (6, 7). Consequently, many suitable
habitats disappeared during glaciations or shifted southwards, whereas the transitions to
interglacial periods increased landscape connectivity allowing the recolonization of
previously unsuitable areas, with many species moving northwards again (e.g., 8, 9).
Similar mechanisms have been proposed for the tropical regions. However, the impact of
Quaternary changes on tropical climate and ecosystems still requires more scientific
attention, partly due to the scarcity of continuous climatic records in the southern tropics
(10). Data from various continental archives show evidence of cold and dry conditions in
the southern tropics during the Last Glacial Maximum (LGM; 19 – 26.5 kyr BP =
thousand years before present), and a decrease of the sea-surface temperature of about 2.5
to 6 ºC (10). It has been hypothesized that the increase of aridity led to the contraction
and dissection of rainforests and to the expansion of grassland and savannah areas (11,
12), which may have promoted range contractions of mesic-adapted species and range
1
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expansions of the arid-adapted species (3, 12). Additionally, it has been shown that in the
shallow coastal parts of the world, such as in the Australasia, the global sea level dropped
by 120 m during periods of global cooling leading to the formation of land bridges that
may have increased landscape connectivity (see 13). Long-term global natural climatic
cycles have therefore impacted local and regional ecological conditions in many parts of
the world (14). During the last decades, there is an increasing interest in the
reconstructions of the climate, biome and fire regimes of the late Quaternary. In
particular, de last glacial cycle (see Figure 1.1) has been the one most intensively studied
due to the relative richness of proxy records available, and is often taken as a model for
the other oscillations that were undergone during the entire Quaternary (15).

Figure 1.1. Chronological representation of the main climatic events that took place during the late
Quaternary. The glacial and Interglacial cycles are represented by different colors.
LIG = Last Interglacial; LGM = Last glacial maximum; LG = last glacial; BP = before present.

1.1.2. Impact of Quaternary environmental changes on animal populations
It has been extensively shown that Quaternary climatic cycles shaped the presentday distributions of extant taxa, mainly for those species whose ecological niches are
primarily determined by climatic variables (13, 16–20). However, species answered
differently to the past climatic changes, as a function of their phenotypic and ecological
plasticity and dispersal ability (18). More resilient species may have persisted in their
original distribution. In this case, the individuals within a population either tolerate the
new climatic conditions through phenotypic plasticity, or adapted quickly to the new
abiotic and biotic conditions through natural selection (18, 21, 22). Alternatively, some
species may have been forced to move to other areas during times of change in order to
2
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survive and find suitable habitats that overlap with their narrower fundamental ecological
niche (16, 17). The presence of fossil records outside the current distribution of some
species (e.g., Indri indri in Ankarana; 124) confirms that this mechanism was effective.
The ability of a species to shift their distribution depends not only on their life-history
characteristics (e.g., age of reproductive, maturity, fecundity and mechanisms of
offspring dispersal; 21), but also on the existence of vicariant barriers (e.g., mountains,
water bodies, deserts; 1). Species that could not mitigate rapid climate change and could
not migrate to more suitable habitats in reach, were likely to become extinct (21, 22).
Multiple phylogeographic studies, as well as fossil records, suggest that some
thermophilic species have persisted during unfavorable climatic cycles in stable mountain
habitats recognized as refugia, where climatic shifts are known to have been less extreme
or can be avoided by following altitudinal habitat shifts. Such refugia are also assumed
to have favored the generation of new lineages by allopatric speciation of populations that
were isolated in different refugia during cooler periods and acted as centers of expansion
during warmer periods (3, 16, 17, 23, 24). This mechanism is well documented for the
southern European peninsulas. For instance, it was shown that populations of Iberian
Midwife toad (Alytes cisternasii) were fragmented into several refugial areas in the south
of Iberia during Pleistocene glaciations and expanded to the north after climate
amelioration, resulting in distinct phylogeographical lineages (25).
These processes strongly affected the genetic diversity and population genetic
structure of contemporary species, since they involved considerable population
demographic dynamics (= size change), and provided opportunities for adaptation and
selection to occur. For example, it is known that the ice caps during the LGM provided a
geographic barrier to the wolves dispersal in peninsular Italy and resulted in a strong
population bottleneck (26). During challenging times, connectivity among populations
was essential to ensure gene flow among demes and to maintain genetically viable
populations (27, 28). The genetic composition of small and/or isolated populations can
change rapidly as a result of stochastic events (i.e. genetic drift) and selective forces (29).
Furthermore, they can undergo genetic bottlenecks due to inbreeding depression (i.e. loss
of alleles and accumulation of deleterious mutations), which can compromise individual
fitness, reduce the adaptive potential and resilience of populations and, ultimately, can
result in the extinction of local populations or even lineages (9, 27, 29).

3

PhD thesis Helena Teixeira, Chapter 1, General Introduction

1.2. Model system Madagascar
1.2.1. Origin and evolution of the Malagasy biota
The island of Madagascar is a stimulating natural evolutionary laboratory to
investigate how past climatic fluctuations shaped current species diversity. Located in the
tropics, about 400 km off the east coast of Africa, the island has been separated from
Gondwanaland approximately 183 – 158 Myr, from Antarctica 130 Myr and from India
96 – 65 Myr, resulting in millions of years of evolution in complete isolation (24, 30, 31).
Multiple adaptive radiations from African founder individuals that arrived at different
time points by oversea dispersal resulted in an extraordinary level of endemism in both
fauna and flora on the island (24). Current estimates suggest that 100% of native terrestrial
mammals and amphibians, 92% of reptiles, 44% of birds, 74% of butterflies and more
than 90% of plants are found nowhere else on Earth. Such estimates identify Madagascar
as a unique biodiversity hotspot and as a highest priority area for biodiversity
conservation (24, 32). In relation to the island size and compared to other regions of the
world, species diversity is particularly remarkable in one mammalian clade, the
Lemuriformes, which contains more than 100 lemur species, divided in 15 genera and 5
families (Cheirogaleidae, Lepilemuridae, Lemuridae, Indriidae and Daubentoniidae), all
endemic to Madagascar (33). Studies confirmed that all the lemurs species originated
from a single common ancestor that may have colonized Madagascar between 30 and 45
million years ago (34, 35).
Different mechanisms have been proposed to explain the patterns of speciation of
the Malagasy biota (e.g., 24, 30, 36). Madagascar exhibits a remarkable east–west rainfall
gradient, which is primarily the result of south-eastern trade winds coming from the
Indian Ocean and the orographic effect of the eastern mountain massifs that prevent the
rain to fall on the western side of the island for most times of the year. Consequently,
eastern Madagascar receives year-round and larger amounts of precipitation than western
Madagascar, which explains the prominence of moist evergreen rainforest in the east. In
contrast, dry deciduous forests developed as dominant vegetation along the west coast of
the island, but is replaced by spiny forests in the south where it is even drier (37–39). In
addition to the precipitation disparity, there is also a notable variation in the mean annual
temperature along the coast (23 – 27°C) and the central mountains (16 – 19°C), depending
on location and altitude. This prominent topographic and climatic variability gives rise to
a large assortment of microclimates and microhabitats across the island. Most of the
4
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Malagasy taxa are restricted to small ranges and adapted to specific microhabitats (i.e.
microendemic species; 38, 39). The “ecogeographic constraint” model (36) assumes that
the aforementioned bioclimatic disparities between the eastern and western might have
been a major driver of diversification of the Malagasy biota, and it was shown to be
effective in multiple taxa (e.g., mouse lemurs, 40; amphibians and reptiles, 41).
The “refugia” hypothesis has been recognized as an important mechanism of
species diversification worldwide (42) and has also been proposed as explanation for the
high biodiversity found in Madagascar. This hypothesis recognizes that relict forests on
mountains massifs (i.e. Montagne d’Ambre, Tsaratanana, Marojejy, Ankaratra,
Andringitra, Anosy and Andohahela; see 24) might have acted as species refugia during
dry glacial periods. New species and phylogeographic lineages may have evolved by
vicariance and dispersed to other areas during more favorable climatic periods, triggering
new regional radiations (24). Alternatively, the “Riverine barrier” model emphasizes the
role of the major rivers as barriers to gene flow and drivers of diversification (27, 43, 44)
and it has been invoked as an important diversification mechanism for example in mouse
lemurs and sportive lemurs (e.g., in Microcebus spp., 37, 45; in Lepilemur spp., 46).
Finally, the “watershed” model emphasizes the importance of the watershed
sources for the evolution of microendemics in Madagascar (30). According to this
hypothesis, during cooler and drier episodes, forests have contracted to the riverine forest
refugia along rivers, which acted as buffers for the maintenance of more mesic local
conditions. In watersheds with sources at low elevations, the forests became separated by
intervening arid areas that constituted barriers to gene flow. These watersheds have acted
as centers for speciation and generated locally endemic diversity (= centers of endemism),
while forests connected to watersheds at higher elevation may acted as retreat-dispersion
regions, providing the means for expanding geographical ranges in a variety of organisms
during the interglacial phases. This scenario predicts several centers of endemism in the
lowland and coastal areas of Madagascar (24, 30). However, more studies are still needed
to evaluate the relevance of these hypotheses for different taxa of plants and animals in
order to fully understand the forces that have shaped the extraordinary Malagasy
biodiversity. This thesis aims to partly fill this gap in knowledge by investigating how
historical natural cycles shaped species evolutionary trajectories in time and space.

5
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1.2.2. Quaternary ecological changes in Madagascar
Although the last glacial–interglacial cycle is quite well studied in the northern
Hemisphere, high-resolution bioclimatic data and knowledge on the corresponding
vegetation dynamics are still limited for the southern tropics, including Madagascar (47).
The evaluation of the impact of Quaternary climatic and vegetation dynamics relies
mainly on the use of scarce paleoclimatic proxies, such as very few lake sediment cores
from crater lakes (e.g., 48), paleoecological inferences from a few old stalagmites (e.g.,
47) or rare fossils records (e.g., 49). In the absence of natural proxies, paleoclimates
simulations available for different time frames (LIG, LGM and mid- and late-Holocene;
e.g., 7, 50) provides useful information about the past bioclimatic conditions worldwide
(e.g., 16–18), but these datasets has been scarcely used (but see 31).
The majority of the paleoenvironmental records from Madagascar only provide
data for the late Pleistocene and Holocene (10, 47, 48, 51, 52). The longest and nearly
continuous paleoenvironmental record stems from a sediment core obtained from the
Lake Tritrivakely in the Central Highlands. The pollen and diatom analyses identified
major climatic cycles during the past 154 kyr, which have impacted the vegetation
assemblages in the Central Highlands (48). This study is the only one reaching back the
Last Interglacial (LIG; ca. 132 – 112 kyr BP) in Madagascar, and suggests that this phase
was characterized by warmer temperatures and by a subsequent replacement of
ericaceous bushland by a grassland/woodland mosaic (48).
There are multiple evidences that the climate during the Last Glacial Maximum
(LGM; ca. 26.5 – 19 kyr BP) was colder and drier across Madagascar.
Paleoenvironmental records from Lake Tritrivakely suggest that the vegetation in the
Central Highlands at about 1000 m a.s.l. was dominated by ericoid bushland with
composites and grasses during the LGM. The appearance of mountain plants at lower
altitudes is consistent with a substantial decrease in temperature (by ~ 4ºC compared to
present days) and in reduced atmospheric CO2 levels (10, 48). Aquatic pollen was also
found to be absent in the Lake Tritrivakely, suggesting a deficit in the mean annual water
balance during the LGM (48). Previous studies also suggested a strong reduction in size
of the Lake Alaotra (755 m a.s.l.) in eastern Madagascar during this period, confirming
that the LGM desiccation was widespread throughout at least the higher altitudes of the
island (53). If the same trend existed in the lowland areas, lowland forests may have
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contracted to riverside refugia, since areas in between rivers may have been too dry and
the highlands were probably too cold and arid to support these kind of forests (11).
The period that followed the LGM was marked by an abrupt warming and the
reestablishment of water bodies favorable to aquatic life (10). In the Central Highlands,
there was a rapid decrease of the ericaceous bush, which probably migrated to higher
altitudes, and an expansion of wooded grassland (~ 17 – 9.8 kyr BP; 10). Multiple
stalagmite records from Anjohibe and Anjokipoty caves reaching back the late Holocene
reveal that conditions in northwestern Madagascar were wetter in the early and middle
Holocene (9.1 – 4.9 kyr BP in 47; 51). These conditions are comparable to the ones
reported for the continental Africa during the African Humid Period (AHP; ca 11.7 to 5
kyr; 54). The AHP was a unique African period characterized by wetter and warmer
conditions during the early Holocene, that were followed by a rapid aridification during
the late Holocene (55). It has been shown that this marked period strongly impacted the
vegetation cover across African regions (51, 54) and forced plant and animal communities
to shift their ranges or to adapt to new ecological niches (56). The occurrence of wetter
conditions in northwest Madagascar during the early Holocene is in line with an
expansion of wooded savanna during the early and middle Holocene in this region, and a
replacement of the vegetation by grassland during the late Holocene (49).
Pollen data from the central Highlands shows a return to lower temperatures at
about 3.5 kyr BP but a trend towards more humid conditions (10), whereas data from
Anjohibe cave suggest drier conditions for the late Holocene in northwestern Madagascar
(> 4 kyr BP; 51). The extend of and reasons for contrasting historic bioclimatic trends
between the highland and lowland regions of Madagascar is still unclear. Most of the
available paleoenvironmental records registered strong vegetation changes during the last
millennia across Madagascar (10, 47, 51, 52). However, it is not clear to which extend
this change was caused by natural climate change or by anthropogenic interference, since
human impact on natural habitats increased strongly during this time period (see next
section). In the present study, paleoclimate reconstructions including paleoenvironmental
records from a crater lake in northern Madagascar and ecological niche models based on
paleoclimates simulations available for northwestern Madagascar during the last
Interglacial-glacial cycle where used in complement to the genomic analyses.
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1.2.3. Historical records of human environmental impact in Madagascar
The time of human arrival in Madagascar and its role in vegetation changes and
species declines including megafaunal extinctions is still debated (e.g., 57–59). Past
human presence in Madagascar has been widely inferred from radiocarbon dating of
human utensils (e.g., 60–64), pollen and charcoal data (e.g., 10, 65), stalagmite records
(e.g., 51, 52), Sporormiella fungus (e.g., 66), butchering marks on extant megafauna (e.g.,
57, 67–69) or by the introduction of crops or domestic animals species (e.g., 10). Many
independent lines of evidence (Table 1.1) are consistent with a human presence in the
island during the last two millennia. Recent studies, however, have found evidence of an
earlier human presence in Madagascar going back to the last 10 kyr (Table 1.1). First,
microlithic tools older than 4 kyr were discovered at the northern coast (62). Second,
prehistoric human-modified bones of Hippopotamus (~ 4 kyr BP; 69) and elephant birds
(6.35 – 10.6 kyr BP; 57) were found in the northwest and southwest, respectively. These
independent studies suggest that humans arrived earlier than thought (57, 69). But
corresponding archaeological evidence of human artifacts or settlements pre-dating the
Late Holocene has not yet been detected (58). Therefore, it has been suggested that the
dating of the microlithic tools found at the northern coast may have been overestimated,
as the sediment ages could be much older than the microliths that they contain, and that
the old bone cutmarks may have been produced postmortem during multiple excavations
(e.g., 70). If the prehistoric cutmarks are genuine they were likely produced by a small
group of individuals that had a little impact on the island’s biodiversity as a whole (57,
69).
During the past two millennia Madagascar experienced a dramatic biodiversity
loss. Elephant birds, pygmy hippopotamus, giant tortoises and, at least 17 lemur species
become extinct between 2.5 and 0.5 kyr BP. The largest surviving endemic vertebrates
are now less than 10 kg in body mass (71). The new “Subsistence Shift Hypothesis” try
to explain the Late Holocene megafaunal extinction (59). The authors proposed the
transition to agriculture-dependent practices as main factor for the species collapse, rather
than the human arrival in Madagascar. This hypothesis is supported by the observation
that megafaunal extinctions in Madagascar roughly coincided with the major transition
from hunting/foraging to herding/farming (59). Agriculture in Madagascar typically
follows a tradition called “tavy,” a form of swidden agriculture where farmers burn their
fields and nearby forests in the dry months of September and October to prepare the fields
8
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for the onset of the wet season in November (52). It is estimated that at least 52% of the
forest cover was lost since 1950s due to human activities (e.g., “tavy”, cattle raising and
mining activities) and that more than 80% of the landscape of western Madagascar is now
secondary grassland or wooded grassland that has been burned each year (39, 52, 72).
Understanding how the past climatic events and anthropogenic activities shaped the
current biodiversity patterns requires detailed knowledge of species demographic history
that is not available for many taxa (e.g., 9, 72, 73).
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Table 1.1. Non-exhaustive bibliographic review about the evidence of human presence in Madagascar. Paleo = paleoenvironmental; SW = southwest; NW =
northwest; N = north; BP = before present.

Date

Paleo record

Study site (region)

600 – 1,900 AD

archaeological data

Andavadoaka (SW)

discovery of archaeological shellfish

Amparihibe (NW)

earliest indirect evidence for livestock proliferation

1,130 years BP
Sporormiella fungus
1,720 years BP
1,207 years BP
780 AD (1,300 years
BP); 420 AD (1,680
years BP)
650 AD (1,460 years
BP)
80 AD (1,970 years BP)
< 2,000 years BP

2,000 years BP

2,200 years BP

Ambolisatra (SW)
Stalagmite record

Anjohibe Cave (NW)

archaeological data

cave Lakaton'i Anja (N)

fossil records

Drastic decline of coprophilous Sporormiella fungus
spores in sediments suggested reduced megafaunal
densities
vegetation change coincided with human introduction
of swidden agriculture

(64)

(66)

(52)
(61)

femora of extinct Hippopotamus were cut and hacked
by metal tools

(67)

butchering marks in Palaeopropithecus ingens,
Taolambiby and Tsirave
Pachylemur insignis (extinct lemurs) and Propithecus
(SW)
verreauxi bones

(68)

Sarodrano (SW)

chronometric hygiene
published 14C dates from review of several published studies based on
(evaluate the reliability of
the literature
radiocarbon dating
14
C chronologies)
pollen data

Reference

direct evidence of human occupation: discovery of
faunal materials mixed with pottery sherds

Ambolisatra (SW)
fossil records

Evidence

Tritrivakely (Central
Highlands)

earliest occurrence of pollen of introduced plants
(Cannabis/Humulus)

(58)

(10)
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2,500 years BP

Stalagmite record

Anjohibe Cave (NW)

Signal of human impact on the landscape:
replacement of trees by grass

(51)

3,000 years BP

pollen data

Andolonomby (SW)

increase in grasses, decline in woody species & peak
in charcoal present in the sediments

(65)

1,400 – 2,000 BC

fossil records

Anjohibe Cave (NW)

humans coexistenced with megafauna: subfossil
dwarf hippopotami bones with several cut marks

(69)

2,000 BC (4,380 years
BP)

archaeological data

earliest human foragers presence dates: discovery of
microlithic tools

(62)

prolonged human-faunal coexistence (< 10,500 yrs
human-modified bones of elephant birds; Aepyornis
and Mullerornis)

(57)

10,721 – 10,511 years
BP

fossil records

Ambohiposa (NE)
Lakaton’i Anja (N)
Christmas River (S)
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1.3. Tools to infer demographic history
1.3.1. Genomic resources
Advances in Next Generation Sequencing (NGS) technology have transformed ecological
and evolutionary studies of non-model organisms (74). NGS technology offers an opportunity to
sequence and genotype thousands of markers across the genome in a short time with highthroughput and at relatively low cost (75). A wide range of NGS methods have been recently
proposed, ranging from the sequencing of entire genomes to some reduced representations of them.
Whole-genome sequencing (WGS) is a method that determines the entire DNA sequence
of an organism. In practice, this implies the generation of huge numbers of short fragments of
sequenced DNA (i.e. reads) that are assembled in order to reconstruct a large contiguous segment
that can be ordered and assigned to chromosomes (76). There are two alternative approaches to
build the longer continuous sequence: de novo assembly and reference-based assembly. The first,
implies the alignment of overlapping WGS reads to assembled contigs and to sort and combine the
contigs to reconstruct chromosomes. Alternatively, the reference-based assembly consists in
mapping each read to an available reference genome, resulting in the generation of a consensus
sequence (76). Single Nucleotide Polymorphisms (i.e. variant sites; SNPs) or genotypes (e.g., AT)
are then called from the consensus sequence at each site and form the basis for downstream
analyses (77). During the last decade, whole genomes of a wide range of organisms have become
available, including the genomes of plants, fungi, insects, amphibians, reptiles, birds, mammals
and humans (see http://www.ensembl.org/index.html).
Restriction enzyme-based sequencing methods offer an alternative approach to the WGS
by limiting sequencing to parts of the genome (75, 78). The restriction-site associated DNA
sequencing (RADseq) is an attractive method for genomic population studies in non-model species,
because it allows the identification of variant sites in regions adjacent to restriction sites (79; see
Figure 1.2 for details). One limitation of the RADseq method is the possibility of occurrence of
dropout allelic, i.e., the absence of alleles due to i) stochastic failure of a locus to be genotyped due
to low read coverage, or ii) disruption of the restriction sites by mutation (80). If both alleles at a
given locus undergo a dropout, no genotype will be produced for this individual at this locus. If
only one of the two alleles will show a dropout, this locus will be incorrectly considered
homozygous instead of heterozygous (81).
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Figure 1. 2. Illustration of the restriction site associated DNA sequencing (RADseq) method. The genomic
DNA is initially cut with the chosen restriction enzyme, producing a set of fragments. These fragments are
linked to Illumina adapters – which enable only the binding and amplification of restriction site fragments
to Illumina flow cells – and to a molecular adapter – which ensures individual identification of each
fragment. The samples from multiple individuals are posterity pooled together and all fragments are
randomly sheared, resulting in fragments with few hundred base pairs widely distributed across the
genome. All fragments are amplified using a pair of primers and the pooled samples with different adapters
are separated using specific bioinformatic tools.

The Next-Generation technologies allow to generate large amounts of data but are prone to
sequencing errors (82–84). The uncertainty associated with SNPs or genotype calls can be
controlled by i) increasing the read depth per locus (i.e. the minimum number of reads aligned to a
locus), or ii) by using sophisticated probabilistic algorithms, such as genotype likelihoods (77, 85).
This algorithm accounts for errors that may have been introduced in base calling, alignment or
13
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assembly to accurately assign genotypes and estimate allele frequencies. As a result, SNPs or
genotypes are associated with a measure of uncertainty, often described by a quality score (77, 85).
The advances in the sequencing technology and the generation of genome sequences (both wholegenome and reduced representation of the genome) allow to score thousands of variant sites and
provide an extraordinary tool to understand evolutionary trajectories of species, such as to
reconstruct complex demographic scenarios (86). Both whole-genome sequencing and restrictionsite associated DNA sequencing datasets were considered in this thesis to infer species
demographic dynamics.

1.3.2. Overview of demographic modelling
The genomes of organisms carry a record of the evolutionary past, selection pressures, and
ecological forces that have shaped them, enabling the reconstruction of the demographic history of
populations from genome sequences of its present‐day representatives (87). The first demographic
methods assumed that natural populations could be approximated by a Wright-Fisher (WF) model,
a discrete-time model of stochastic reproduction that assumes a population with constant size, nonoverlapping generations and random matting in a mutation-drift equilibrium. Under these
assumptions, deviations from mutation-drift equilibrium were attributed to changes in populations
size or selection (88). The development of the coalescent theory revolutionized modern
demographic modeling (89). The coalescent theory is a probabilistic model that explains how
neutral genetic variation data can be generated under a particular demographic model (86). This
approach goes backward in time (i.e. from the present to the past) to track the joining of
homologous gene copies from different individuals until the most recent common
ancestor (MRCA) of all lineages is found (90). The gene genealogy of a given locus reflects the
demographic history of a population (91). For instance, a genealogy with multiple long branches
is expected for an expanding population, since most of the coalescent events have occurred in the
past (i.e. alleles persist a long time). Alternatively, a declining population will exhibit fewer long
branches, because the coalescent events are relatively recent (i.e. many alleles got lost; 91). The
coalescent approach can be therefore used to study effective population size over relatively long
periods of time (92).
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The integration of the coalescence theory with increasing availability in computational
power enabled the development of the sophisticated full-likelihood methods. This class of methods
relies on the genealogical information to estimate the most likely demographic parameter values
(e.g., effective population size; Ne) for a given observed data (91). However, full-likelihood-based
methods are computationally demanding, limiting their application to genomic datasets. This
limitation encouraged the development of methods that approximate likelihoods, such as the
Approximate Bayesian Computation (ABC; 93) and the composite-likelihoods (94). The principle
of these methods is to simulate genetic data across a wide range of parameter values within a given
demographic model to find the parameter values that match the observed data most closely (93).
In many methods, the observed and simulated genetic data is reduced into simpler summary
statistics, such as the Site Frequency Spectrum (SFS; 95).
The SFS corresponds to the distribution of the allele frequencies of a given set of SNPs (i.e.
singletons, doubletons, etc.) in a sample of individuals. The SFS can summarize the allele
frequencies of a single population (i.e. 1d-SFS) or of two or more populations (i.e. 2d-SFS or 3dSFS, where the number of dimensions relate to the number of populations being compared). In the
latter case, the SFS is often designed as Joint Site Frequency Spectrum (i.e. joint-SFS; 88, 96). In
a joint-SFS, each entry of the matrix records the number of segregating sites in which the derived
allele (or minor allele) was found in the corresponding number of samples from each population
(e.g., X counts in population 1 and Y counts in population 2 for a 2d-SFS; 88, 95). The SFS can
also be classified as unfolded SFS or folded SFS, in function of the prior knowledge of the ancestral
allelic state. When the ancestral alleles are known, one can estimate the derived alleles (= unfolded
SFS). However, if the ancestral alleles cannot be determined, the frequency of the minor alleles
should be considered instead (= folded SFS; 95). Changes in population size impacts the frequency
distributions across the SFS, and this is why it is used to infer Ne changes. For example, an
expanding population will have more singletons in the 1d-SFS than a population of constant size,
while a declining population will show a deficit of singletons (see Figure 1.3; 88). Several software
packages allow to infer demographic parameters (e.g., Ne, migration rates, divergence times, etc.)
from the SFS, such as the dadi (97) and fastsimcoal2 (98).
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Figure 1.3. Gene genealogies reflect the demographic history of a population. Upper panel: Estimation of
a 1d-SFS from a simple genealogy. The blue stars represent mutations (i.e. new alleles) that occurred in the
genealogy. The SFS correspond to the frequency of SNPs in a given population. Lower panel: The
genealogies on the left exemplify the history of a population assuming three demographic scenarios: a
constant population size, a population expansion or a population bottleneck. The figures on the right
correspond to the site frequency spectrum (SFS) generated assuming the same mutation pattern as in the
genealogies. Adapted from Beichman et al. (2018).
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A parallel advancement to the Approximate methods has been the development of methods
than can analyze whole-genome sequences. The distribution of heterozygous and homozygous sites
across the genome also provides information about the gene genealogies that gave rise to a given
genome (86). The Pairwise Sequentially Markov Coalescent (PSMC; 92) approach is widely used
to reconstruct demographic histories of a single diploid genome, and it relies on the coalescent
theory to identify historical recombination events across the two gene copies. Conceptually, the
method moves along the chromosome and estimates the time to the MRCA of two alleles at a given
locus. Given that the rate of coalescent events is inversely proportional to the Ne, the PSMC
identifies periods of population size change (90, 92). The Multiple Sequentially Markovian
coalescent (MSMC) is an extension of the PSMC method that allows to model the coalescent events
of multiple genomes (i.e. four or eight haplotypes; 99). The use of multiple genomes allows a better
estimation of recent demographic events, since an increase of the number of genomes results in
more recent coalescent events (86).
Demographic methods are often combined to investigate species demographic history with
higher certainty and to improve data interpretations (72, 100–102). Likewise, complementary
modeling approaches were considered in this thesis, including WGS- and SFS-based methods, and
a composite-likelihood modelling approach.

1.3.3. Effect of genetic structure on demographic inferences
Although modern demographic approaches offer the possibility to reconstruct complex
demographic histories with increasing precision, many methods assume the absence of population
structure, i.e. panmixia (e.g., 92, 103, 104). Population structure refers to the division of the gene
pool of a population, for example between social groups of individuals. As a result, mating can be
more likely between members of a group and less likely between individuals of different groups
(105). Given the prominence of group living and various other constraints for random mating in
natural populations (e.g., limited dispersal, mate choice), panmixia is not a realistic assumption for
many species. Moreover, species may experience habitat expansions or contractions that can
increase or reduce the amount of gene flow between populations (105, 106).
Multiple studies have showed that population structure can generate spurious signals of
changes in population size, even when populations were stationary through time (see 105–108). As
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an example, let us assume the existence of a structured population with multiple demes, but that all
individuals considered for demographic analyses were sampled in a single deme. Most of the gene
copies in the deme will find a MRCA relatively recently, but other copies may be descendants of
migrants from the unsampled demes. In this case, the genes copies will not find a MRCA with the
other gene copies in the deme until the ancestral lineages of the gene copies have migrated into the
same deme and then coalesced (107). This situation can give rise to a false bottleneck signal (see
example in Figure 1.4).

Figure 1.4. The scheme exemplifies how population genetic structure may impact demographic inferences.
The left figure shows two subpopulations with constant population size but exchanging migrants at varying
rates. Two gene copies derive from the same deme were considered for the demographic analyses. The right
figures illustrate the real and the inferred demographic history for that population. Although the population
was constant through the time, the analyses suggested a population bottleneck.

Recently, it was shown that the PSMC estimates the Inverse Instantaneous Coalescence
Rate (IICR) of the ancestral population of a diploid individual and interpretations are dependent on
the underlined assumptions (105). In a panmictic population, the IICR corresponds to the trajectory
of the effective population size over time, whereas in a population structured in an n-island model
18
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(i.e. populations is divided in demes that are interconnected by symmetrical gene flow) the IICR
reflect changes in migration rates between subpopulations (105, 109). These findings suggest that
historic changes in population connectivity should be considered as alternative explanation for
inferred dynamics during demographic analyses in order to clarify what the genomic data can
actually tell us about the demographic history of a species (105). In the present thesis,
complementary approaches will be used to evaluate the effect of genetic structure on the species
demographic dynamics.

1.4. Mouse lemurs as study model
Mouse lemurs (Microcebus spp.; Cheirogaleidae family) are nocturnal forest-dwelling
primates that occur exclusively in Madagascar. They represent the smallest of all living primates
with the average weight of an adult animal ranging between 30 g (M. berthae) and 87 g (M.
marohita; 37). Mouse lemurs are widespread across Madagascar and inhabit a large variety of
forest habitats (e.g., dry deciduous forests, montane or lowland evergreen rain forests, gallery
forests and spiny forests), including degraded habitats and forest ecotones (38, 39). However, the
distribution of each of the currently 25 described species (102, 110) is typically local to regional
and not contiguous, i.e. populations are often restricted to isolated forest patches as a result of
ongoing habitat lost and fragmentation on the island (39, 111).
The Microcebus genus provide a useful model for evolutionary studies because they exhibit
the shortest life histories of all primates. They are characterized by a short generation time and a
high reproductive rate (112). Therefore, mouse lemurs likely accumulate genetic signatures of past
demographic events faster than other Malagasy endemics (113). However, the generation time for
mouse lemurs is still debated and values ranging from 1 to 4.5 years can be found in the literature
(37, 113–115). This thesis aims to suggest an appropriate generation time value for this and further
evolutionary studies.
The present thesis will focus on three mouse lemur species with distinct ecological
adaptations: M murinus (Grey Mouse Lemur; 116), M. ravelobensis (Golden-Brown Mouse
Lemur; 117) and M. arnholdi (Montagne d’Ambre Mouse Lemur, 118). The M. murinus is the only
mouse lemurs species with a vast geographic distribution, occurring along the southern and most
of the western lowland areas of the island up to the river Sofia in northwestern Madagascar (45).
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As a result, this species is adapted to a wide range of habitats (e.g., dry deciduous, littoral and spiny
forests) and some authors believe that M. murinus may be an ecologically generalist (see 40). It is
also hypothesized that this species has a higher vagility than other mouse lemurs species (reviewed
in 119). Along its large distribution, M. murinus is known to occur in sympatry with congeners
(one at a time), including its sister species, M. griseorufus, in the south of Madagascar, and with
M. berthae, M. myoxinus, M. bongolavensis and M. ravelobensis in the northwest (37, 39). The
origin of M. murinus is traced to southern Madagascar, where this species probably diverged
peripatrically from its closest relative species about 3 – 6 Myr (120). A demographic expansion of
M. murinus towards northwestern was previously suggested by two independent studies (114, 120).
First, a study based on multilocus data detected an ancient population expansion in the
southwestern populations of M. murinus (~ 1 Myr; 120). Second, a study based in demographic
simulations using mitochondrial data suggested two consecutive spatial expansion of M. murinus
dating the late Pleistocene and the Holocene (114). These findings are congruent with a relatively
recently colonization of the northwestern region by this species.
The M. ravelobensis is confined to northwestern Madagascar, in an area delimited by the
large Betsiboka and Mahajamba rivers (so-called Inter-River-System Ia; 45). This species is
sympatric with M. murinus across its distribution, but prefers habitats with lower altitude and closer
to surface water (121). It is hypothesized that M. ravelobensis have evolved in northwestern
Madagascar (45). A previous study based on microsatellites inferred a demographic decline for M.
ravelobensis during the last millennium, that may be related to anthropogenic changes in the region
(113). But assuming that dry deciduous lowland has contracted during glacials (30), a more
complex demographic history involving repetitive cycles of population size change is expected to
have occurred for this species through the late Quaternary.
The M. arnholdi was initially thought to be restricted to the mountainous forest of Montagne
d’Ambre National Park (NP), in northern Madagascar (118). However, a population genetics study
based in mouse lemur lineages sampled across the island found out one individual from Ambanja
(~ 130 km south-west of the national park) that was clustering together with the M. arnholdi
individuals (122). Recently, another study reported the occurrence of M. arnholdi in humid forests
south of Loky River, extending largely its distribution to the south‐east (123). Besides its ecological
preference for humid habitats, little is known about this species. The scattered distribution of M.
arnholdi suggest that these forests may have been part of an ancient large and continuous humid
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forest (123). Some authors have postulated that Montagne d’Ambre may have constituted a
montane refugia for many species during the dry glacial conditions (e.g., 24),but further studies
are still needed to validate this hypothesize. Detailed estimates of the timing and extent of historic
demographic changes across different bioclimatic regions are then essential to fully understand the
evolutionary history and biogeography of mouse lemurs.

1.5. Aims of the study
The present thesis aims to contribute to the ongoing scientific debate on how past
environmental changes shaped current biodiversity patterns in tropical regions. More specifically,
this study focuses on the consequences of past environmental changes on three mouse lemur
species, M murinus, M. ravelobensis and M. arnholdi, since it is known that Madagascar underwent
substantial climatic and vegetation changes at least over the late Quaternary and that the potentially
confounding human impact started only late on the island. The three species inhabit different parts
of Madagascar (northern vs. northwestern), different habitat types (montane rainforest vs. coastal
dry deciduous forest), have different distribution sizes and phylogeographic histories, and should
therefore have undergone different evolutionary trajectories during the late Quaternary. This thesis
consists of two main chapters that aim to illuminate the impact of late Quaternary environmental
changes on the population dynamics of the northern rainforest species (M. arnholdi, Chapter 2) and
the two northwestern dry forest species (M. murinus, M. ravelobensis, Chapter 3), and make use of
additional paleoecological datasets and the available literature to validate and evaluate alternative
demographic scenarios.
In the first study (Chapter 2; submitted to PNAS), the impact of natural climate changes and
recent human impact in the demographic dynamics of M. arnholdi was investigated. This species
was studied in the humid forest of Montagne d’Ambre National Park, which was postulated to be
a refugia for Malagasy fauna during the LGM (24). Paleoenvironmental reconstructions, performed
in parallel in close spatial proximity to the study sites, were integrated with this study to provide
information about the climatic and vegetation dynamics in northern Madagascar during the past 25
kyr, and to derive realistic demographic predictions for M. arnholdi for this time period. The
demographic history of M. arnholdi was inferred using four complementary genomic approaches
(Stairway Plot, PSMC, IICR simulations, fastsimcoal2), and results were evaluated a posteriori by
21

PhD thesis Helena Teixeira, Chapter 1, General Introduction

comparison with the initial demographic predictions. As demographic modeling requires a precise
estimation of a species generation time and so far no clear consensus exists about a suitable
generation time for mouse lemurs, a range of previously used values (1 – 4.5 years) was evaluated
to derive the value with the highest explanatory power for future studies.
In the second study (Chapter 3; in preparation for BMC Evolutionary Biology),
contemporary genetic diversity, gene flow patterns and past demographic dynamics of M. murinus
and M. ravelobensis in northwestern Madagascar were inferred using complementary approaches
(Stairway Plot, PSMC, IICR simulations). These results were then combined with paleoclimatic
reconstructions for the LIG and LGM periods (performed by a collaborator) to compare the
evolutionary trajectories of the two species that differ in many relevant traits (i.e. geographic range,
vagility and evolution; see previous section). The animals included in this study were all captured
within the limits of the Ankaranfantsika National Park.
These two complementary studies evaluate the effects of natural climatic changes on
species demographic dynamics across time and space in Madagascar. Chapter 2 and 3 provide
complementary results on how i) species evolved in regions presumably differing in their historic
habitat stability (proposed refugia vs. habitats under major change) and ii) species adapted to
different habitat types (humid vs dry habitats), and how iii) species with different distributions
(restricted vs. large geographic range) were impacted by paleoenvironmental changes. The main
results and implications of the two studies are jointly discussed in the subsequent general discussion
contained in chapter 4. The last chapter constitutes a synergetic view of the impact of the late
Quaternary climatic events across different biomes in Madagascar, and compares the mouse lemurs
demographic response to these climatic changes.
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Tropical regions are among the most biodiverse ecosystems in the world, however the
impact of past climate variability on tropical diversity is still poorly understood. Madagascar
constitutes a highly suitable region to study these relationships due to its high habitat diversity. We
integrated genomic data and demographic inferences of a forest-dwelling primate (Microcebus
arnholdi) with on-site high-resolution paleoenvironmental reconstructions in Montagne d’Ambre
National Park (NP), where paleoenvironmental information were derived from a lacustrine
sediment record from a crater lake in the centre of the NP. We used complementary methods to
infer the demographic history of M. arnholdi from genomic data (Stairway Plot, PSMC, IICR and
fastsimcoal2). Paleoenvironmental analyses of the last 25,000 years revealed five major periods
with distinct environmental dynamics, which are suggested to have strongly shaped the population
dynamics of M. arnholdi. This interdisciplinary study detected signatures of natural climate and
increasing anthropogenic impact on wildlife in northern Madagascar. While ancient demographic
dynamics of M. arnholdi during the late Pleistocene until mid-Holocene were exclusively driven
by natural environmental changes, the recent dynamics during the late Holocene were likely shaped
by both climatic and anthropogenic impacts. In particular, our study demonstrates the impact of
the African Humid Period in northern Madagascar (15.2 – 5.5 kyr BP) and confirms that population
fluctuations and declines in Malagasy wildlife have been substantial even before humans arrived
on the island. Finally, our study brings new insights about how past environmental changes shaped
current biodiversity in the tropics.

Keywords: Tropical forest dynamics, paleoclimate, genomics, demographic modelling,
Madagascar
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2.1. Introduction
One of the biggest challenges in evolutionary biology is to understand how past
environmental changes shaped current species distributions and their genetic makeup (1). During
the late Quaternary, one of the most rapid periods of natural climate change in Earth’s recent history
corresponded to the last glacial-interglacial transition, also named the last glacial termination (2).
In African tropical regions, this termination led to distinct climate fluctuations expressed in the socalled African Humid Period (AHP). During this phase regional ecosystems were strongly
impacted by precipitation and temperature shifts, which triggered abrupt alterations in vegetation
assemblages (e.g. 3, 4). Climate change has often been invoked as an important driver of population
demographic dynamics (e.g. 5), as species directly respond to environmental changes and to
changes in resource availability (6). However, the impact of such climate changes on the
demographic trajectories and biogeography of species in the tropics are still poorly understood.
Madagascar, which is characterized by high levels of endemism (7, 8) and no detectable
human impact until the late Holocene (9), constitutes a key area to understand how natural
environmental changes impacted evolutionary trajectories in tropical regions. In addition to its
complex topography and long isolation from the continental landmass, late Quaternary climate
oscillations such as glacial-interglacial cycles have been proposed as one of the explanations for
the extraordinary biodiversity of the island (7, 10). The Lemuriformes constitute one of the fully
endemic mammalian clades on Madagascar and contain the mouse lemurs (genus Microcebus)
which are particularly suitable to investigate the impact of past environmental changes on
demographic dynamics for several reasons: they are (i) forest-dwelling primates, therefore strongly
influenced by vegetation changes; (ii) they have a comparably short generation time and a high
reproductive rate, thereby accumulating genetic signatures of demographic change in short time
periods and (iii) populations are still large enough to have preserved enough genetic diversity to
accurately reconstruct their demographic history (11–13).
A wide range of molecular approaches are currently available to reconstruct the
demographic history from genomic data (14–18), but systematic validation of these methods is
notoriously difficult given the overall lack of historic population data. To substantiate and compare
modelled demographic history of certain species, paleoecological reconstruction, is a prerequisite
providing long-term records of environmental and, in particular, vegetation response to past climate
fluctuations and can therefore deliver paleo-records of habitat availability and suitability.
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Paleoenvironmental records from Madagascar are still rather scarce (19, 20), for example, only one
chronologically constrained record dates beyond the Holocene (21). However, this record
originates from Madagascar’s central highlands which are nowadays mostly deforested and do not
host significant populations of mouse lemurs in recent times.
The aim of this study was to fill this gap in knowledge and to combine complementary
paleoenvironmental and animal population genomics data generated for the same location. Our
objective is to reliably detect and date demographic fluctuations of one species of mouse lemurs
(Microcebus arnholdi) by comparing inferred mouse lemur demographic dynamics with local
paleoenvironmental reconstructions in Montagne d’Ambre National Park (NP, Figure 2.1) in
northern Madagascar. This location fulfils two important prerequisites to meet our objective: (i)
mouse lemurs are known to occur in this NP within an undisturbed forest area that has likely
extended south-east of the NP and was part of an ancient large and continuous humid forest (22);
(ii) this NP hosts several volcanic (maar) lakes from which long, continuous sediment sequences
can be recovered for thorough paleoenvironmental reconstructions, covering in particular the last
glacial-interglacial transition. Our unique data-model combination provides new information on
the capability of past environmental changes to shape modern species biodiversity. Further, the
study provides useful recommendations for future demographic studies on other species worldwide
that will be essential to understand and anticipate biological responses to ongoing and accelerating
climate change.

2.2. Results and Discussion
Montagne d’Ambre NP comprises an isolated volcanic massif in northern Madagascar that
stretches 30 km from north to south and 15 km from east to west with an altitude range of 400 to
1,475 m asl (Figure 2.1A). The location close to the coast (Indian Ocean/Mozambique Channel)
with frequent trade winds triggers high orographic rainfalls, consequently generating a sub-humid
climate which is reflected in dense evergreen humid forest above 800 m asl (23). This forest is in
clear contrast to the seasonally dry forests or open grasslands surrounding the mountain growing
under drier conditions. Inhabiting the evergreen humid forest in northern Madagascar (22, 24), the
tree-dwelling primate M. arnholdi occurs in Montagne d’Ambre and its distribution extend to
several highland humid forests between the Loky and Fanambana Rivers, at south-east of
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Montagne d’Ambre (22). A single M. arnholdi individual has also been reported close to Ambanja,
in south-west of the NP (25). M. arnholdi was studied inside the evergreen humid forest (northern
site, Figure 2.1A) of Montagne d’Ambre and at its border along a forest ecotone (southern site) to
compare populations that differ in their experienced environmental changes. Genomic analyses and
four complementary state-of-the art demographic modeling approaches were applied to reconstruct
the demographic history of M. arnholdi. In order to detect potential links between the demographic
history and long-term environmental change a long and continuous sediment record for
paleoenvironmental reconstruction was obtained from Lac Maudit, a maar lake located in the
central part of the NP (Figure 2.1A).

Figure 2.1. Study area, sampling and population structure. (A) Location of the study area in Montagne
d’Ambre, in northern Madagascar. The northern (Mahasarika) and southern (Fantany) sites for mouse lemur
sampling are represented by circles and the study site for lacustrine sediments by a star. Individuals GPS
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coordinates can be found in Appendix, Table S2.2. (B) Assignment of 38 individuals to two genetic clusters
(K = 2) using genotype likelihoods. Each individual is represented by a single horizontal bar and each color
represents a distinct genetic cluster. Samples are sorted by sampling site.

2.2.1. Five key periods of major environmental changes
Covering the last 25 thousand years Before Present (kyr BP), the paleoenvironmental record
from Lac Maudit represents the first of its kind in northern Madagascar. Aside of establishing a
robust 14C-based chronology, a multi-proxy approach was applied to the sediment record
combining palynological (incl. charcoal counting), granulometric, as well as inorganic
geochemical (X-ray fluorescence core scan; XRF) analyses. Based on pollen zones, as well as
granulometric measurements and statistically (principal component analyses) derived information
from the sedimentological data, our results unveil five distinct periods of climatic changes and
associated vegetation dynamics (Figure 2.2 and SI Appendix, Figure S2.4).
Prior to 15.2 kyr BP, corresponding to the first period (period i), large amounts of Ericaceae
pollen suggests the landscape in Montagne d’Ambre was partly dominated by montane vegetation
(Figure 2.2C and SI Appendix, section 2.5.1.4 and Figure S2.4). This vegetation, including lower
montane forest and montane shrubland vegetation, is currently only found at altitudes above 1,800
m asl under reduced precipitation and cool temperatures in comparison to lower elevations (23,
26). Today, vegetation in Montagne d’Ambre (max. altitude 1,475 m asl) is characterized by humid
evergreen forest, thus, environmental conditions prior to 15.2 kyr BP have likely been drier and
cooler than today. Geochemical data and respective principle component 2 (PC2), with high
loadings for Ti and Fe, which is interpreted as minerogenic input into the lake (27–29), shows low
values, and thus a reduced terrigenous sediment influx into the lake during this period (Figure 2.2A
and SI Appendix, Figure S2.1). Contemporaneous low sediment accumulation rates and compact,
fine-grained sediments also indicate reduced precipitation and runoff amounts (30) (Figure 2.2B
and SI Appendix, Figure S2.2).
From the second period (period ii, starting at ca. 15.2 kyr BP) onwards, an increase in
terrigenous input (Figure 2.2A) and a strong lithological change in the sediments towards higher
amounts of organic matter (SI Appendix, section 2.5.1.1 and Figure S2.1). The deposition of
coarser particles (Figure 2.2B), higher sediment accumulation rates (SI Appendix, Figure S2.2) and
an abrupt change in vegetation with pronounced increase in evergreen humid-forest taxa and
decrease in montane vegetation (Figure 2.2C, D and SI Appendix, Figure S2.4) all indicate a
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marked change to moister environmental conditions with an increase in precipitation. In addition,
the progressive replacement of the montane vegetation by evergreen humid forest until 11.8 kyr
BP indicates an increase in temperature. During this critical period of climate and vegetation
changes, a short increase of fire episodes (14.5-13.5 kyr BP) is also recorded by charcoal influx
(Figure 2.2F). The comparably low values of charcoal influx do not support local fire occurrences
to the catchment of the lake, but it might be the result of the development of a vegetation prone to
fire and/or the first development of suitable amounts of combustible biomass in the region. The
beginning of this generally wetter and warmer period at 15.2 kyr BP matches the onset of the AHP
found in Madagascar’s central highlands (19) and in eastern Africa (3), which suggests a
synchronous environmental signal in the entire eastern African region including northern and
central Madagascar.
The full development of evergreen humid forest at 11.8 kyr BP, indicates the beginning of
the third period (period iii, Figure 2.2D). From 10 to 5.5 kyr BP, highest terrigenous input and
rather fine-grained deposits point to maximum rates of precipitation within the entire record (Figure
2.2A, B), likely related to lake level high stands (25). This is further supported by low abundance
of aquatic plants which are generally related to shallow lake conditions (SI Appendix, section
2.5.1.1 and 2.5.1.4).
During the fourth period (period iv), from 5.5 until ca. 0.9 kyr BP, the decreasing tendency
of terrigenous input and deposition of coarser particles, as well as higher abundance of aquatic
plants (Potamogeton) might well reflect a lake level drop, likely indicating moisture decline in
northern Madagascar and denoting the termination of the AHP (Figure 2.2A, B and SI Appendix,
Figure S2.4). Except for a few changes in forest composition, after 5.5 kyr BP, the evergreen humid
forest surrounding the lake has not been markedly impacted by this reduction of moisture (Figure
2.2D and SI Appendix, section 2.5.1.4). Our results clearly match with paleorecords from eastern
Africa where the termination of the AHP generally starts around 5 kyr BP (3). In Madagascar, the
paleorecords indicate a more complex pattern (20). While the northwest region also showed this
termination, central and southern Madagascar did not show a clear termination or even experienced
an opposite trend toward more humid conditions after the mid-Holocene onwards.
The past ~0.9 kyr BP, corresponding to the fifth period (period v), are characterized by
reduced evergreen humid forest taxa, although still present at Lac Maudit. This period is marked
by a tremendous increase of charcoal particles reflecting an important increase in fire frequency,
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and high amounts of Poaceae pollen, suggesting a major vegetation change (Figure 2.2E, F). Today,
most fires occur in the surrounding lowlands dominated by open grasslands that are strongly
affected by human activities through slash-and-burn agriculture and extensive cattle grazing. While
evergreen humid forest in Montagne d'Ambre prevents fire ignitions, the permanent occurrence of
charcoal particles recorded since 0.9 kyr BP are certainly the result of a deep lowland ecosystem
shift to an open grassland ecosystem associated with high fire frequency. The charcoal particles
produced by these fires have been carried by aeolian processes deep inside the forest and up to the
lake. The high amount of Poaceae pollen, probably transported by the same process as charcoal,
also support the development of an open grassland ecosystem in the lowland. The development of
the swampy vegetation at the lake site at the same time (SI Appendix, section 2.5.1.4) may have
also contributed to the elevated amount of Poaceae pollen. In Madagascar, while a human arrival
during the early or mid-Holocene is still hotly debated (e.g. 31, 32), it was shown that humans
impacted the northwestern region significantly through a rapid transition to a grass-dominated
landscape with an abrupt increase in fire activity from ~1.2 kyr BP (33, 34). Furthermore, along
the coast such as at Lakaton’i Anja located next to Montagne d’Ambre, large settlements developed
right after 1 kyr BP (35, 36). In congruence with these findings, our results suggest an important
and early human impact on the northern landscapes over at least the last 0.9 kyr BP.
Based on the reconstructed five periods of environmental changes, the following sequence
of demographic events for M. arnholdi is proposed: (i) population contraction during cold and dry
conditions preceding the AHP (25 – 15.2 kyr BP); (ii) population expansion with the onset of the
AHP (15.2 – 11.8 kyr BP); (iii) high stability with high humidity during the AHP (11.8 – 5.5 kyr
BP); (iv) population decline after the AHP (5.5 – 0.9 kyr BP) and finally, (v) strong population
decline with transition to open landscapes and elevated fire activity at low elevations during the
past millennium.
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Figure 2.2. Synthetic paleoenvironmental reconstructions obtained from the sediment core recovered in Lac
Maudit combining (A) axis-2 of the Principal Component Analysis (PCA) performed on the X-Ray
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fluorescence (XRF) scanning record interpreted as a proxy for terrigenous input and erosion, (B) mean grain
size measurements, (C) pollen sum of specific taxa from montane vegetation, (D) pollen sum of specific
taxa from evergreen humid forest, (E) Poaceae pollen grains and F. influx of charcoal particles (> 160 µm).
The vertical bars represent the five key periods of different paleoenvironmental conditions defined in the
text.

2.2.2. Inference of the demographic history of mouse lemurs (M. arnholdi)
In order to overcome a potential demographic history reconstruction bias (e.g. 37–39),
population structure of the sampled individuals was initially assessed using NGSadmix (40). The
analyses supported the existence of two genetic clusters with low levels of gene flow between the
two sites (Figure 2.1B and SI Appendix, Figure S2.6) despite their relative proximity (18 km) and
the continuous forest connecting them (SI Appendix, section 2.5.2.2.2). This small-scale genetic
structure may be an effect of small dispersal distances (e.g. below 1 km) that were described for
other mouse lemur species (M. murinus, 41) and is not uncommon in mouse lemurs (e.g. in M.
murinus (42) and M. ravelobensis (43, 44)). The effect of the small-scale genetic structure was
controlled by considering the two sampling sites as two demes in all downstream demographic
analyses.
Several types of methods exist to infer different aspects of the demographic history of a
population. In this study, four complementary demographic methods were used to investigate
whether genomic data are better explained by population size changes or by connectivity changes
through the time. Furthermore, all inferences were compared to the demographic predictions that
were derived for the five periods of paleoenvironmental changes (see above). The Pairwise
Sequentially Markovian Coalescent (PSMC; 15) and Stairway Plot (17) were used to detect and
date population size changes under panmixia, using full genome sequence data and the SFS (Site
Frequency Spectrum), respectively. The Inverse Instantaneous Coalescence Rate (IICR; 38) was
used to investigate if the demographic trajectories revealed by the PSMC could be explained by
changes in connectivity alone. Additionally, fastsimcoal2 (16) was used to compare alternative and
more complex demographic scenarios including population structure, size changes and changes in
connectivity, using SFS data.
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The Stairway Plot and the PSMC suggested similar trends in population size changes for
the two sampling sites, although the inferred temporal dynamics differed significantly between
these two methods. The Stairway Plot (Figure 2.3C) suggests the largest population size for the
time before, during and shortly after the Last Glacial Maximum (period i), which was followed by
a massive population bottleneck starting at the onset of the AHP (~ 15 kyr BP; period ii) at Fantany
but later at Mahasarika (~ 5 kyr BP; period iv) that lasted until present day. The older inferences
clearly do not follow the predictions of an old bottleneck (period i) and a subsequent population
expansion during the AHP (period ii). Whereas the inferred population decline in Mahasarika is
congruent with the predictions for period iv, the start of the bottleneck in Fantany does not
correspond to the favorable environmental conditions during period iii. These results and the
discrepancies between both sites suggest that the Stairway Plot may not be reliable to infer older
demographic events.
In line with the demographic predictions, the PSMC method (Figure 2.3A) suggests an old
population contraction prior and during period i and a subsequent population size increase that
continues throughout period ii, coinciding with the evergreen humid forest expansion during the
AHP. The subsequent large population size inferred between 11.8 to 5.5 kyr BP (effective
population size (Ne) ~ 35,000) coincides with the full development of evergreen humid forest in
Montagne d’Ambre from 11.8 kyr BP onwards and maximum humidity observed during the same
period (period iii). Finally, the inferred demographic decline started around the termination of the
AHP (from ~5.5 kyr BP, period iv). It should be emphasized that the PSMC depends on information
extracted from recombination events which become rare in recent times and do therefore not
provide precise information regarding the trajectory of M. arnholdi during the past 2 kyr (15).
The previous interpretations are only meaningful under the assumption that population
structure did not significantly influence the detection and quantification of major population size
changes. However, it is increasingly recognized that population structure can lead to the inference
of spurious populations size changes, even when population size was constant (37, 45). This is a
general problem influencing all methods based on the coalescent (e.g. 46, 47). For instance, recent
work has shown that the PSMC dynamics can also result from changes in connectivity and not
necessarily from size change, if populations are structured (e.g., n-island model) (38, 48). It was
suggested that the PSMC method actually estimates a time and sample-dependent function called
the IICR whose interpretation is model-dependent (38). The IICR (48), can be predicted under a
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very large family of structured models by simulations to identify complex models that can replicate
observed PSMC curves. This was done for the population in Fantany (= estimated IICR; Figure
2.3B). This curve was obtained assuming a 29-island model under constant population size that
underwent four changes in connectivity. The corresponding time points for the changes in
connectivity were approximately 64 kyr BP, 39 kyr BP, 13 kyr BP and 1.7 kyr BP (vertical lines
in Figure 2.3B). However, these IICR simulations identified a period of high connectivity that
started already long before period i (39 kyr BP) and was followed by a period of reduced
connectivity starting during the AHP at 13 kyr BP. Such changes in connectivity are not congruent
with the environmental reconstructions that predicted forest contraction and therefore lower
connectivity during period i and expanding forest and therefore higher connectivity during the
AHP. Consequently, the observed PSMC curve is more likely to be explained by an older
contraction and subsequent expansion of the forest cover that triggered corresponding mouse lemur
population size changes during the past 25 kyr, than by changes in connectivity in a structured
population model.
The demographic modelling with fastsimcoal2 considered 13 different demographic
models that included various combinations of changes in size and changes in connectivity (Table
2.1 and SI Appendix, Figs. S2.7 and S2.8). Overall, the comparison of the 13 demographic models
shows that i) the inclusion of population size changes improved the fit over that of the null model
(i.e., constant population size model; M1); ii) all structured models (M3 – M13) had a better fit
than panmictic models (M1 and M2), supporting the existence of population genetic structure; iii)
structured models with population size change (M6 – M9) showed a better fit than structured
models with changes in population size and connectivity (M10 - M13) (Table 2.1; and see SI,
Appendix, section 2.5.2.2.4 for details about model selection). The three best fitting demographic
models (M6 - M8) included both changes on population size and population structure, but differed
in the age estimate of the population bottleneck (SI Appendix Figure S2.9). However, the three
best models suggested: (i) the existence of a large ancient population with low levels of isolationby-distance that became structured recently (M6 - M7); (ii) the occurrence of one or two recent
population bottlenecks within the last 5 kyr BP, wherein the most recent bottleneck always
occurred within the last 2 kyr BP; (iii) high levels of gene flow among populations, suggesting that
the M. arnholdi populations on the mountain were not completely isolated. To allow direct
comparison of the inferred demographic history of M. arnholdi with the available information on
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vegetation dynamics in Montagne d’Ambre, the three best models were evaluated during the last
25 kyr BP in more depth (SI Appendix, Figure S2.9). Although they were difficult to distinguish
based on the fit of the expected and observed Site Frequency Spectrum (SFS; i.e. distribution of
the allele frequencies of a given set of Single Nucleotide Polymorphisms in a population; (14); SI
Appendix, Figures S2.10 and S2.12), the model assuming the occurrence of two successive
population bottlenecks (M7) could be selected as the best one, because the maximum likelihood
estimates for the other two models (M6 and M8) fell all outside the 95% confidence intervals
generated by block-bootstrap (SI Appendix, Table S2.6). Thus, the best fitting model suggests a
large panmictic ancestral population that became structured and reduced in size at ~ 5 kyr BP
(Figure 2.3D). This initial decline was followed by an even more recent population bottleneck at
~1 kyr BP. The estimates still suggest high levels of gene flow among populations after they
became structured (2Nm ~ 7.23, where 2Nm = average number of haploid immigrants entering the
population per generation), which suggest that the northern and southern site were not completely
isolated, as previously observed in our population structure analyses (Figure 2.1B). The population
dynamics of M. arnholdi inferred by M7 are also corroborated by the paleoenvironmental
reconstructions, as the earlier population bottleneck starts with the beginning period iv (termination
of the AHP) and the most recent population bottleneck matches with the period v (transition to
open landscapes and elevated fire frequency).

2.2.3. Comparative performance of different demographic models
One of the goals of our data-model comparison consisted in the validation of the sensitivity
and applicability of different genomic demographic modeling approaches with local
paleoenvironmental reconstructions. The two methods assuming population panmixia, the
Stairway Plot and the PSMC, revealed similar demographic trends. However, the first method
failed to infer the age of these population size changes accurately. Three aspects have been
identified as been critical for the Stairway Plot. First, the Stairway Plot is strongly affected by the
number of loci used to estimate the SFS (49). Based on simulated data (49), it was observed that
for larger datasets (~106 loci) the Stairway Plot provided a good approximation of the true
demography, but for smaller number of loci (≤ 105 loci) the Stairway Plot inferred complex
demographic dynamics incompatible with the true one. However, in the present study, more than
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106 loci (including monomorphic loci) were used for the SFS estimation. Second, the Stairway Plot
is sensitive to the number of individuals considered for the SFS estimation (50) because the
Stairway Plot is a multi-epoch method, in which epochs coincide with coalescent events (see SI
Appendix, section 2.5.2.1.6). Consequently, the number of epochs is dependent on the number of
possible coalescent events in the dataset (i.e., the number of individuals and the number of SNPs;
17). Third, population structure is a known notable confounding factor for demographic inferences
with methods assuming panmixia (38, 46, 51), as it is the case of the Stairway Plot.
The age estimates of the demographic events inferred by the PSMC were in good agreement
with the paleoenvironmental reconstructions. However, several studies have shown that the
presence of population genetic structure may falsely lead to the inference of major population size
changes with the PSMC, even when population size has in fact remained stable over time (38, 39,
50). These uncertainties were evaluated by modelling the complementary IICR under complex
structured scenarios (48). In our case, the informed comparison of the results of PSMC and the
IICR with the paleoenvironmental reconstructions provides the key to identify the most likely
demographic scenario. We therefore strongly recommend using both approaches in parallel and
align the underlying scenarios with available paleoecological data.
An important complementary method that allows insights into the recent past is the
hierarchical demographic modeling that was performed with fastsimcoal2. Its results suggest that
this framework is very sensitive and accurate to detect demographic changes during the past few
millennia that were not detected by the other demographic methods. This approach has already
been used to investigate other recent evolutionary scenarios, e.g., the speciation in cichlid fishes
during the last 6 kyr (52). To our knowledge, this is the first study combining four complex
demographic methods (Stairway Plot, PSMC, IICR, and fastsimcoal2), and our results confirm that
at least the PSMC, IICR, and fastsimcoal2 are important complementary and non-redundant tools
that should be used together to explore both changes in population size and connectivity across
different time scales.
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Figure 2.3. Integration of the four complementary demographic methods used in this study. (A) Inference of the demographic history of M. arnholdi
with the PSMC method. The thick red and blue lines represent the inferred trajectories for Mahasarika and Fantany, and each light line represents 100
subsampled bootstrap replicates for each individual. The legend on the top left identifies the 5 periods paleoenvironmental reconstructions defined in
the text. (B) PSMC plot estimated for the genomic data for Fantany (blue) and the IICR obtained for simulated data (green). Vertical bars mark the
periods of connectivity changes (~64 kyr BP, ~39 kyr BP, ~13 kyr BP, ~1.7 kyr BP). (C) Demographic history inferred for the northern and southern
M. arnholdi study sites with the Stairway Plot method. (D) Illustration of the best demographic model (M7) revealed by fastsimcoal2. For direct
comparison of the inferred demographic history of M. arnholdi with the available information on paleoenvironmental reconstructions, the model was
cut off at 25 kyr BP. The model suggests the occurrence of two consecutive population bottlenecks during the last 5 kyr BP. The different populations
are represented by distinct colors, and rectangle width is proportional to the estimated effective population size (Ne). The occurrence of gene flow is
exemplified by arrows. N0POP = effective population size for each population at present time; N1POP = effective population size for each population
before a given demographic event; NANC = ancestral population size; 2Nm0 = average number of haploid immigrants entering the population per
generation (Parameters estimates results are summarized in table S2.6). All analyses were performed considering the best generation time (GT = 2.5).
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Table 2.1. Rank of the 13 demographic models tested with fastsimcoal2 based on the Akaike Information Criteria (AIC). Likelihoods were computed
based on the parameters that maximized the likelihood of each model in a total of 100 independent simulations per model, in log10 units. Delta
Likelihood (ΔLhood) represents the difference between the observed Likelihood and the maximum expected Likelihood based on 100 simulations. Delta
AIC corresponds to the difference in AIC to the best model in each category.

Category

Simple

Recently
structured

Change in
connectivity

Model

Topology

M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12
M13

Null model
One size change
Recently structured
Structured
Change in connectivity
Recently structured + one bottleneck
Recently structured + two bottlenecks
Recently structured + asymmetric bottleneck
Old expansion + Recently structured
One bottleneck + change
Change + one bottleneck
Two bottlenecks + change
Old expansion + change

Log10(Lhood) Δlhood
-3248795.7
-3243516.2
-3225580.8
-3225693.4
-3223093.1
-3222115.9
-3222094.3
-3221932.7
-3222153.9
-3222832.0
-3222188.2
-3222201.3
-3223313.9

29363.1
24083.6
6148.2
6260.8
3660.5
2683.3
2661.7
2510.1
2721.2
3399.4
2755.6
2768.7
3881.2

#
parameters

AIC

2
4
3
2
4
4
6
9
6
6
5
7
6

14963956.9
14939643.6
14857031.4
14857547.8
14845574.9
14841073.9
14840978.5
14840239.9
14841252.7
14844376.2
14841408.8
14841473.1
14846595.7

ΔAIC/category Rank
118382.0
94068.7
11456.5
11972.9
0
833.9
738.5
0
1012.7
2967.4
0
64.3
5186.9

13°
12°
10°
11°
8°
3°
2°
1°
4°
7°
5°
6°
9°
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2.2.4. Integration of paleoenvironmental changes and demographic dynamics
For the first time, population genomics and paleoenvironmental local and regional
scale reconstructions were generated from the same study area and combined to understand
the impact of past climate and vegetation changes on population dynamics of a forestdwelling species. One of the most striking results revealed by our study is the significant
impact of the AHP on environmental changes in northern Madagascar and on demography
history of M. arnholdi populations. Indeed, after a M. arnholdi population decline
preceding the AHP (including the last glacial maximum), the abrupt increase of moisture
conditions related to the AHP allowed a rapid development of evergreen humid forest that
may have triggered a population expansion of M. arnholdi. Proximately, we hypothesize
that the maintenance of these humid conditions for M. arnholdi increased the available
resources (e.g. food), which may have led to higher carrying capacities and higher rates of
reproduction, survival and dispersal (6), all of which resulted in larger expanding
populations. Based on the vegetation data, the development of evergreen humid forest
during the AHP first reflects its upward expansion in Montagne d’Ambre. However, and
as described in Eastern Africa (4), maxima of moisture availability during this period
would have also led to a humid forest expansion into lower elevation areas. Although
lowland ecosystem dynamics still need to be documented in more detail, this hypothesis is
supported by the occurrence of M. arnholdi individuals in humid forest fragments outside
the current limits of the NP, both south‐west (25) and south‐east (22) of Montagne
d’Ambre. Afterwards, M. arnholdi underwent a major population decline at the termination
of the AHP followed by a second one at the beginning of the last millennium. The first
population bottleneck occurred under precipitation decrease and long before important
human impact started in Madagascar. Although only minor changes were detected in the
vegetation of Montagne d’Ambre at this time, we assume that precipitation decrease at the
termination of the AHP may have more significantly impacted the lowland ecosystems.
Such changes may in turn have challenged the populations of M. arnholdi. A similar
demographic response was observed in two northern lemur species, Propithecus tattersalli
and P. perrieri (53). The authors compared alternative demographic scenarios for the two
species and concluded that the best demographic model for both species was a recently
49

PhD thesis Helena Teixeira, Chapter 2, Manuscript I

structured model with a population bottleneck occurring within the past three millennia,
which falls into the late Holocene vegetation transition period described in our study.
Additionally, population declines during the mid-Holocene and late Holocene (~3 – 5 kyr
BP) were also reported from other taxa in Madagascar, such as frogs (e.g. Dyscophus
antongilii and D. guineti; (54) or a Malagasy Eagle (Haliaeetus vociferoides; (55), and are
likely related to the same past climatic changes. The most recent population decline in M.
arnholdi parallels population bottlenecks documented and dated by previous studies for
other lemur species (12, 56, 57) to the late Holocene and which were all attributed to
human-induced changes in forest habitats. However, these studies were all lacking a
paleoecological reference. By assembling both datasets in parallel, we could show that the
strong decline of M. arnholdi within the last millennium coincided with a large increase of
fire activity accompanied with a distinct ecosystem shift to a grassland dominated
landscapes in the lowland areas surrounding Montagne d’Ambre. These last changes most
likely resulted from a regional increase of human impact through the development of
pastoralism and farming practices with the introduction of swidden agriculture (tavy) (58,
59). Although natural climatic changes might have also been relevant for ecosystem shifts
in lowland areas during the past millennium, as suggested by records from southern
Madagascar (60), our results imply that human impact can be considered as one of the main
factors in this ecosystem shift documented in northern Madagascar.
To conclude, our data-model comparison demonstrates variable signatures of both,
natural climate change and increasing anthropogenic impact in northern Madagascar across
time. While demographic dynamics of M. arnholdi were exclusively shaped by past climate
changes such as the AHP until the mid-Holocene, recent dynamics (mainly during the last
millennium) were also shaped by anthropogenic impact. In particular, we argue that the
population collapses of M. arnholdi was first climatically driven by the termination of the
AHP during the mid-Holocene, but that human occupation combined with the increasing
aridification after the end of the AHP has accelerated this process. Therefore, the
termination of the AHP is suggested to have had severe impacts also in northern
Madagascar and potentially on a large part of the island leading to substantial population
fluctuations and declines in Malagasy wildlife even prior to human impact on the island
(31, 32). Our results also confirm that humans started to affect Malagasy ecosystems
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mainly in the late Holocene. This multidisciplinary study reveals that understanding of
modern Malagasy biodiversity requires a critical understanding of natural climatically
driven environmental and ecological changes during the mid-Holocene that preceded the
first significant human impact.

2.3. Materials and Methods
2.3.1. Coring
Lac Maudit (12.582°N, 49.150°E, 1250 m asl) is characterized by a coverage of ca.
75% with floating vegetation and a peat bog. Open water still is present in the northern and
southern part of the crater. From the center of the lake, accessible from the peat bog, two
parallel sediment cores (LM1A & LM1B) with lengths of 10.5 m and 10.75 m were
recovered using a Russian corer. Vertical overlapping of the two cores was 25 cm to avoid
coring gaps. After coring, the 50 cm segments were described lithologically and
subsequently wrapped in polyvinyldene chloride film. Cores were stored at 5 °C and under
dark conditions until further work.

2.3.2. Paleoenvironment analyses
From both cores high-resolution, semi-quantitative measurements of inorganic
chemical elements was conducted using an ITRAX (CS-8) XRF core scanner with a
Molybdenum-(Mo)-tube (61) at the Geomorphological-Sedimentological Laboratory of
the Geomorphology and Polar Research (GEOPOLAR), University of Bremen. XRF
scanning was conducted at 55 kV and 30 mA with 10 s exposure time at 0.2 mm resolution.
Further, radiographic images were acquired with 40 kV, 15 mA and 200 ms exposure time
at the same spatial resolution. Elements which showed bad signal-to-noise ratios were not
considered as reliable. Thus, only Si, K, Ca, Ti, Mn, Fe, Ni and Sr were used for further
interpretation. These elements were normalized to the counts of incoherent radiation (“Mo
inc”) derived from the XRF scanner, to account for lithological changes and sediment
matrix effects. Based on the lithological description (marker layers), the XRF element
patterns, digital and radiographic images, LM1A and LM1B were parallelized and
combined to a composite core. Using the XRF-data a Principal Component Analysis (PCA)
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was carried out. Prior to this multivariate statistic, the normalized elements were
transformed using standard "z-transformation". Grain size distribution measurements were
realized on LM1A, while paleoecological analyses including pollen and charcoal counting
were realized on LM1B. For the grain size analysis ~1 cm3 subsamples at an interval of 5
cm were used. Prior to measurements a stepwise destroying carbonates with HCl (15%,
30% p.A.) and organic matter with H2O2 (10%, 32% p.A.) was performed. Measurements
were carried out with a laser diffraction particle size analyser (LS 13320 Beckman Coulter)
in seven cycles of 60 s each. The first reproducible signal was considered as reliable and
final distribution data were calculated using the Fraunhofer optical model. Statistical
parameters were derived from the raw-data using a modified version of the MS-Excel
macro Gradistat (V.4.5s) (62). For pollen extraction ~0.5 cm3 subsamples at an interval
varying between 8 and 48 cm on LM1B were prepared following a standard chemical
protocol. A minimum sum of 300 terrestrial pollen grains were counted for each subsample
using a light microscope at 400x magnification. Pollen and fern spore percentages were
calculated on the terrestrial pollen sum. For charcoal particles extraction, 1 cm3 of sediment
was sampled every cm along the core LM1B and soaked in a 3% NaP2O4 solution plus
bleach for several hours to deflocculate sediments and oxidize organic matter. Samples
were sieved through a 160

m mesh and charcoal particles were counted using a

stereomicroscope at x40 magnification coupled to a digital camera. Influx of charcoal
particles was calculated using the age-depth model (Number of particles/cm2/year). For a
reliable and robust chronology 19 radiocarbon measurements were obtained by Accelerator
Mass Spectrometry radiocarbon analyses from bulk organic matter of 1 cm3 sediment
samples (Table S2.1). All subsamples for radiocarbon dating were measured at Poznan
Radiocarbon Laboratory (Poland) and are calibrated to calendar kiloyear before present
(kyr BP) using the southern hemisphere terrestrial calibration curve SHCal13 (63). For
more detail see SI, Appendix, section 2.5.1.1 - 2.5.1.4.

2.3.3. Sample collection of M. arnholdi
Mouse lemurs were sampled in moist evergreen forest at the northern (Mahasarika,
-12.534329 °N, 49.176295 °E) and the southern limit of the Montagne d’Ambre National
52

PhD thesis Helena Teixeira, Chapter 2, Manuscript I

Park (Fantany, -12.695739 °N, 49.167458°E) (Figure 2.1A). The first site is at 1073 m asl,
while the second (approx. 18 km apart from Mahasarika) is located at 848 m asl and
contains discontinuous rainforest patches interspersed with secondary prairies. However,
patches are still connected by forest corridors to the main forest of Montagne d’Ambre and
mouse lemurs were found in the corridors on a regular basis. Field work took place between
August to October 2017. Sampling followed the routines described in (64) (see SI
Appendix, section 2.5.2.1.1 for details). A total of 46 mouse lemur samples were obtained
for genomic analyses, which included 14 M. arnholdi from Mahasarika and 32 from
Fantany.

2.3.4. DNA extraction, RADseq and whole-genome sequencing
Total genomic DNA was extracted from ear biopsies using the DNeasy Blood &
Tissue Kit (Qiagen) following the manufacturer’s protocol with few modifications (see
65). Library preparation and RAD sequencing of the 46 samples were conducted at the
GeT-PlaGe platform (Toulouse, France). In parallel, two mouse lemur samples (one from
Mahasarika and one from Fantany) were selected for whole-genome sequencing. Both
samples stemmed from females in order to avoid a bias due to potential sex differences in
dispersal behaviour which is common in other mouse lemur species (66, 67). (see SI
Appendix, section 2.5.2.1.2 - 2.5.2.1.4 for methodological details and 2.5.2.2.1 for details
about the genomic datasets).

2.3.5. Relatedness analyses and detection of population structure
The relatedness between two individuals is usually described by the concept of
identity-by-descent (IBD). The software NGSrelate (68) implemented in ANGSD
framework (69) was used to calculate the IBD between pairs of individuals of our dataset.
Of each dyad of closely related individuals (e.g. parent-offspring or full siblings), only one
partner was retained in the dataset (see SI Appendix, section 2.5.2.1.5 for details).
Subsequently, NGSadmix (40) was used to investigate population structure of 38 nonrelated individuals (12 from Mahasarika and 26 from Fantany). NGSadmix uses a
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maximum-likelihood clustering method to assign individuals to a predefined number of
ancestral populations (K) based on genotype likelihoods (40). A total of 10 independent
runs of NGSadmix were performed to assign all individuals to two (K=2) or three (K=3)
ancestral populations, assuming that the existence of more than three populations is not
realistic at our local scale. The most suitable value of K was determined with Clumpak
(70), following the Evanno method (71).

2.3.6. Generation time
Demographic analyses are known to be affected by generation time (GT) (e.g. see
18). Different generation time values ranging from 1 to 4.5 years can be found in the
literature on mouse lemurs (12, 13, 72, 73). A GT = 1 was widely used in early
demographic studies on mouse lemur (12, 72) and corresponds to the age at first
reproduction of mouse lemurs. A longer generation time (3.0 – 4.5 years) has been
estimated based on survival data for a population of M. rufus in eastern Madagascar (13).
Recently, an intermediate GT value of 2.5 years was estimated for a free‐living M. murinus
population in northwestern Madagascar based on parentage data (73) where the authors
defined GT as the average age of parents. To account for the effect of generation time on
demographic modeling results, the three aforementioned GT values were considered for all
demographic analyses. The best fitting value was determined by comparing the inferred
demographic dynamics with the predictions that were derived from the five periods of
paleoenvironmental changes (see SI Appendix, section 2.5.2.2.4). The GT that fitted best
these predictions was GT of 2.5 years and was therefore used to generate the results shown
in the main text.

2.3.7. PSMC analyses & IICR
PSMC (15) analyses were performed on two whole-genome autosomal sequences
considering a minimum read depth per site of 3 (-d3) and a maximum read depth per site
of 100 (-D100). The upper limit of the TMRCA was set to 5 (-t5) and the initial θ/ρ value
to 5 (-r5). The Ne was inferred using a total of 100 bootstrap replicates. PSMC plots were
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scaled using generation times of 1, 2.5 and 4.5 years per generation (see SI, Appendix,
section 2.5.2.2.4), and a mutation rate of 1.2 x 10-8 (13, 74). In order to interpret the
demographic trajectories revealed by the PSMC method as connectivity changes, the IICR
(48) of Fantany was computed under several alternative simulated demographic scenarios
assuming constant population size. These scenarios included changes on the number of
islands, sampling scheme (i.e. where the two genomic haplotypes were sampled) and the
model of migration (e.g. stepping-stone model, asymmetric island Model, split model, 47).
Genomic data was simulated using the ms software (75), and the IICR (48) was computed
and plotted with a python script available at: https://github.com/willyrv/IICREstimator
(48), assuming a mutation rate of 1.2 × 10−8 and the generation time that best explained the
PSMC dynamics (GT = 2.5). The IICR graphs were finally compared to the PSMC plots.

2.3.8. Stairway Plot
The complete RADseq dataset (n = 38 individuals) was used for the SFS estimation.
As a first step, ANGSD (69) was used to calculate the site allele frequency likelihoods
based on individual genotype likelihoods. The realSFS tool implemented in ANGSD (69)
was then used to estimate the 1d-SFS for each sampling site separately. Given that there is
no suitable outgroup available to determine the ancestral state of each allele, we considered
the minor allele frequency spectrum (i.e. folded SFS; 14) for all SFS-related analyses. The
two folded 1d-SFS were finally used as input data for Stairway Plot v2.0 (17). Inferences
were made based on 200 SFS for each sampling site, as suggested by the authors. The
remaining 199 SFS were generated by bootstrap using the script provided by the software
(17). The plots were scaled using the three chosen generation times (see SI, Appendix,
section 2.5.2.2.4) and 1.2 × 10−8 as mutation rate (13, 74).

2.3.9. Demographic modelling with fastsimcoal2
A total of 13 demographic models with different levels of complexity were
designed and their composite likelihoods were then compared following a hierarchical
approach (Figure S2.7 and S2.8). First, five simple model scenarios including constant
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population size, population size changes, population structure and connectivity change
scenarios were explored (Figure S2.7). Second, eight additional, more complex models
were formulated in concordance with the results of the previous step (Figure S2.8). These
analyses were performed with the RADseq dataset, but for computational reasons only 20
individuals (i.e. 10 individuals from each sampling site) were selected for the 2d-SFS
estimation. As a first step, ANGSD (69) was used to calculate the allele frequency
likelihoods for each sampling site, and the realSFS tool implemented in the same program
combined together with custom scripts were used to estimate the two dimensional minor
allele frequency spectrum (i.e. folded SFS; (14). Since Mahasarika is about 18 km apart
from Fantany, an additional “Ghost population” was included to represent M. arnholdi not
covered by our sampling scheme. Fastsimcoal2 v.2.6 (16) was then used to compute
expected SFSs from simulations under the 13 demographic models. The best demographic
model was selected according to three criteria. The Akaike Information Criteria (AIC) (76)
was initially used to rank the models, and the models with the lowest ΔAIC (i.e. the models
that minimized the distance between observed and expected SFS) were selected as the best
fitting demographic models. Second, the expected pairwise 2d-SFS obtained for the
parameters that maximized the likelihood under each model were visually compared with
the observed 2d-SFS (e.g. 77). Third, a block-bootstrap approach was used to calculate
95% confidence intervals (CI) for the parameters estimated under the three best fitting
demographic models, as suggested by the author (16) (see SI Appendix, section 2.5.2.1.7).
The three best fastsimcoal2 scenarios where then scaled considering the generation times
of 1, 2.5 and 4.5 years (see SI, Appendix, section 2.5.2.2.4).
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2.5. Supplementary material

2.5.1. Supplementary information for the paleoenvironmental reconstructions
2.5.1.1. Sediment core description
The lithology of core LM1A and LM1B allows to distinguish three main
stratigraphic units (Figure S2.1). The first unit from the base of the core from 1075 cm to
1006 cm is composed of light brownish to grey sediments showing laminations of 0.5 to 1
cm thickness, intercalated with ~1 mm blackish layers. The latter are presumably
composed of organic matter. XRF data, reveal maximum values for Si, K, Ca and Sr,
although Ti, and Fe, Mn and Ni show high values as well (Figure S2.1). These silty to
clayey deposits are very compact and are designated as highly minerogenic, organic-poor
lacustrine sediments. From the second unit, sediment characteristics abruptly change at
1006 until 208 cm core depth. In general, deposits are much coarser (silt increase, clay
decrease), less compact, with brown to dark-brown color, likely indicating an enhanced
organic carbon content. Enrichment in organic matter is further supported by the increase
the inc/coh ratio calculated from the XRF data, which can be used as a qualitative measure
of organic matter (1, 2). Randomly intercalated grey to blackish thin layers (ca. 0.5 cm
thick) are found and at the transition to this unit and all elements recorded by the XRF
scanner reveal significant minima. However, this second unit also shows high internal
variability and can be divided in three sub-units (2a, 2b and 2c, Figure S2.1). Between 1006
and 665 cm (2a) an increased variability of particle size mainly controlled by the sandy and
clayey fraction of sediment is observed. Si, K, Ca, Mn and Sr decrease or remain at low
values, while Ti, Fe and Ni generally increase after 850 until 665 cm. Between 665 and
526 cm (2b), sediments are characterized by high clay contents before again low values
were detected above 526 cm combined with an increased particle size variability. The XRF
data are still characterized by high values of Ti, Fe and Ni. Between 526 and 208 cm (2c),
these elements show higher variability combined with a general decreasing trend. In the
sub-unit 2c, between 366 and 333 cm, sediments consist of coarse sand and reveal high
values of Ca and Sr. Although the cause of this layer might well be a matter of speculation,
because of the occurrence of sand with gravels, we consider this layer as the result of a
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mass movement event, most likely originating from the steep crater wall at the western
shore of the lake (on-shore failure scar with associated small fan). Then within the
uppermost 50 cm of this unit, sediment changes gradually in color to dark-brown to
blackish. Also, gradually more plant macro remains were found, which marks the transition
to the third unit starting from 208 cm to the surface, which is characterized as peat deposit.
In this unit the entire set of XRF derived elements decrease rapidly to 0. From this pure
organic unit, granulometric data were not obtained.
Both characterized by lacustrine sedimentation conditions, the two lowermost units
(1 and 2) can be easily differentiated by varying minerogenic input and grain size and are
assumed to consist of significantly different amounts of organic matter (Figure S2.1). Since
Montagne d’Ambre is geologically quite homogenous (3), and Lac Maudit, located near
the mountaintop, has a small catchment area of only ca. 1 km², varying sediment origin
seems rather unlikely to explain these differences between the two lowermost units. A more
reasonable explanation of the observed differences between these two units is certainly a
“dilution” effect of the minerogenic fraction due to an important increase in organic matter
in the second unit (4). In addition, as already described in other regions (5, 6), distinct
changes in vegetation composition may have also contributed to the observed differences
between these two units (see 2.5.1.4). Deep soils in Montagne d’Ambre are partly formed
by alteration of an old gneiss (3) which might be the source of Si, Ca, K and Sr. Distinctly
moister environmental conditions in the second unit (prior 15.2 kyr BP), associated with a
much denser forest cover than in the first unit, are assumed to have led to a thicker soil
formation reducing water interaction with the deep materials and explaining the depletion
of Si, Ca, K and Sr. Consequently, these main changes can be resumed as following: Unit
1 - low organic input, low influx of sub-inert elements Ti, Fe, Ni, high influx of Ca, Sr, K,
Si (presumed from intensively deep weathered material including clay minerals), small
particles and low sedimentation rate (see 2.5.1.2). Unit 2 - increase in amount of organic
matter, increase in sub-inert element input associated with coarser grains (shallow
weathered material), thus decrease in Si, Ca, K, Sr, and higher sedimentation rate (see
2.5.1.2).
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Figure S2.1. (A) grain size measurements performed on core LM1A. (B) XRF scanning of the
main elements and the ratio between the counts of the "incoherent radiation" and the "coherent
radiation" (inc/coh). The main elements were normalized to the counts of the "incoherent radiation"
(inc) and XRF measurements performed on LM1A and LM1B were combined in one master core.
Grey lines represent all the data point measurements characterized by a mean square error >2. Grain
size and XRF data are plotted on the same master core depth. The bar on the right side and the red
lines represent the main sedimentological units described in 2.5.1.1. The orange bars represent
event related deposits originating from the catchment that were removed to correct the master core
depth before establishing the age-depth model (see 2.5.1.2).

2.5.1.2. Chronology
Based on the sedimentological description, layers in the second lithologic unit with
high and abrupt increase of Ca were considered as event-related deposits originating from
the catchment (Figure S2.1). These events disturbed the normal sedimentation process in
this unit: the 33 cm thick layer that we consider as the result of a mass movement event
(366-333 cm, Figure S2.1) and the 2 cm thick layer with a peak of Ca (564-562 cm, Figure
S2.1). Since these two layers are supposed to have been deposited within only hours
(maybe days), they were removed to correct the master core depth before establishing the
age-depth model. At ca. 234 cm we obtained an age of 505 ± 30 14C yr BP (Table S2.1).
We therefore did not consider the peat bog sampled above the lacustrine sediment in the
age-model for paleoenvironmental reconstructions. Concerning the two first units, we
decided to build two separate age-models which we combined afterwards (Figure S2.2).
This option was selected because the smooth spline age-model (selected for the second
unit) would have artificially increased the age of the transition between the two first units
at 1006 cm by smoothing the pronounced change in sedimentation rate, evidenced by
lithology and confirmed by radiocarbon dating.
In the short first unit of 70 cm length, five Accelerator Mass Spectrometry (AMS)
radiocarbon datings were obtained (Table S2.1). However, the lowermost ages reveal an
inverse trend with ages getting progressively older towards the top of the section. Three
ages appear to be contaminated by old carbon that might be the result of dissolution of old
carbon with the weathering and erosion of deep soils (see 2.5.1.1) during that period, and
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the low carbon content of these datings may have contributed to the age uncertainties
(Table S2.1). These three dates only show maximum ages and thus were therefore
considered as outliers. Based on a linear interpolation, this unit covers a time span from
24.6 kyr BP to 15.2 kyr BP and is characterized by a very low sedimentation rate of ca.
0.07 mm a-1. Because of high uncertainties revealed by outliers, we only consider this unit
as older than 15.2 kyr BP and environmental reconstructions from that first unit are
considered as a snapshot of environmental conditions during the late Pleistocene prior to
15.2 kyr BP. In the second unit of 760 cm length, 14 AMS radiocarbon datings were
obtained and a smooth spline age-model has been applied (Figure S2.2 and Table S2.1).
Between ca. 14.6 kyr BP and ca. 10 kyr BP, in the sub-unit 2a, characterized by a generally
high sedimentation rate ranging between 0.3 and 1 mm a-1, three outliers that could be also
the result of dissolution of old organic carbon generate some uncertainties. Under increased
humidity at the beginning of the African Humid Period (AHP) evidenced by erosion and
vegetation changes (see 2.5.1.3 and 2.5.1.4), a raising lake level is assumed. As already
documented in other lakes (e.g. 7) this process is often associated with reworking of older
sediments or soils at the shore of the lake, which likely have resulted in the observed age
inversion. After 10 kyr BP, the sedimentation rate in the sub-unit 2b and 2c remains at a
constant range between 0.3 and 0.5 mm a-1.
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Figure S2.2. Age-depth model of the composite master core LM. All the radiocarbon ages are
calibrated to calendar kiloyear before present (kyr BP) using the southern hemisphere terrestrial
calibration curve SHCal13 (8). Datings indicated in red represent the outliers removed before
establishing the age-depth model. The bar on the left side and the red lines represent the main
sedimentological units described in 2.5.1.1. The age-depth model was built running the package
"Clam" (Version 2.2 – (9) with the RStudio software (Version 1.2.1335).

2.5.1.3. Principal Component Analysis with XRF data
In order to condense the information of the XRF core scan data, a Principal
Component Analysis (PCA) was carried out, using the selected elements (Si, K, Ca, Ti,
Mn, Fe, Ni) as input variables (Figure S2.3). The PCA results in three main axes
representing 61.5 % (Axis-1), 24.4 % (Axis-2) and 9.4 % (Axis-3) of the total data variance.
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Axis 1 shows high (negative) loadings for all measured elements which is interpreted as
general minerogenic input. There is no anti-correlated member to this terrigenous input,
however the down-core variability of this principal component suggests an “unknown”
member, which we suspect is organic matter. The XRF derived inc/coh ratio, which is
influenced by an entire set of light elements (H, C, N, O) and is known to represent content
of organic matter at least to some extent (1), shows a negative correlation to all elements,
which supports our assumption. Sediment color, which changes from light gray-brownish
to dark brown between the two first units when down-core axis 1 data also reveals a
remarkable shift, further corroborates the assumption.
Axis-2 is characterized by two groups of elements with high positive loadings for
Ti/Fe/Ni and negative loadings for Si/K/Ca/Sr. The two groups are assumed to also reflect
the difference between the two lowermost units related to the deep component of the soils
characterized by an alteration of deep soils including clay mineral which might be the
source of high content of Si, Ca, K and Sr (see 2.5.1.1). In the second unit after 15.2 kyr
BP, a rising tendency until ~10 kyr BP followed by a decrease tendency after ~5.5 kyr BP
indicate the shift towards more and less Ti/Ni/Fe inputs respectively. We therefore consider
increase (decrease) of Ti/Ni/Fe as an enhanced (reduced) terrigenous input related to
shallow weathered material and erosion of a thick rainforest soil formation.
Axis-3 is reflecting Mn which might indicate redox-conditions (10). However, this
seems to be "event-related" and might only occur during very strong short-term input of
sediment (one major peak at ca. 612 cm which is right above the highest peak in Ti).
However, Fe and Mn are also showing significant correlation (r = 0.69) suggesting that Fe
is related to both, minerogenic input (erosion) and redox-conditions.
Mainly based on axes-1 and -2 we can thus synthesize the main sedimentological
changes and erosion/weathering processes during the past 25 kyr BP. Prior to 15.2 kyr BP
minimum values of axis-1 and -2 reflect low organic matter content in the sediment and
weathering of deep material (including clay minerals). The strong and abrupt increase of
axis-1 at 15.2 kyr BP and a slight increase of axis-2 indicates a “dilution” effect of the
minerogenic fraction by an enrichment of organic carbon and shows that water interaction
with deep material is reduced. After 15.2 kyr BP until ca. 10 kyr BP, a progressive increase
of axis-2 is recorded reflecting an increase of terrigenous input. After reaching highest
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values between 10 and 8 kyr BP, axis-2 values stabilize until 5.5 kyr BP. Associated with
an increased variability, the axis-2 values tend to decrease from 5.5 kyr BP, showing a
progressive decrease of terrigenous input. This is combined with an enrichment of organic
carbon content as shown by increase of axis-1 values after 5.5 kyr BP. In the uppermost
part of the core, this previous trend strengthens showing the transition to the peat bog with
high organic carbon content.
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Figure S2.3. (A) Bi-plot of Principal Component Analysis (PCA) for axis-1 and -2 and for axis-1
and -3 performed on the XRF data of the composite master core. Red dots indicate the distribution
of samples and black triangle indicate the distribution of the main selected elements to run the PCA.
The ratio between the counts of the "incoherent radiation" and the "coherent radiation" (inc/coh)
was passively projected on the axes of the PCA bi-plots. (B) plot of PCA axes against the age scale
indicated in calendar kiloyear before present (kyr BP). The bar on the right side and the red lines
represent the main sedimentological units described in 2.5.1.1. The PCA was performed using the
RStudio software (Version 1.2.1335) running the package "Ade4" (Version 1.7-13; 11).

5.2.1.4. Pollen and charcoal data
The pollen and charcoal records from Lake Maudit allow to reconstruct vegetation
history from Montagne d’Ambre during the past 25 kyr BP. A total of 206 pollen and spore
taxa have been identified and the main pollen taxa have been summarized in Figure S2.4.
Pollen and spore identification were based on several atlases (12–15), the online African
Pollen Database (11/2019 – http://apd.sedoo.fr/accueil.htm) and the reference collections
from University of Goettingen (11/2019 – http://www.gdvh.uni-goettingen.de/) and from
University of Montpellier (11/2019 – https://data.oreme.org/palyno/palyno_gallery).
Based on the cluster analysis performed on terrestrial pollen grains, three main pollen zones
(PZ1, PZ2 and PZ3) have been distinguished and compared with the lithology. PZ1 with
subsamples prior 15.2 kyr BP is dominated by Ericaceae, Podocarpus and Myrica
reflecting the occurrence of montane vegetation in Montagne d’Ambre. Today, this
vegetation, including the lower montane forest and the montane shrubland, generally grows
above 1,800 m a.s.l., such as in the Tsaratanana massif located 200 km south of Montagne
d’Ambre (16). With a maximum elevation of 1,475 m a.s.l., characteristic taxa of montane
vegetation in Montagne d’Ambre are not abundant and the modern vegetation is largely
dominated by evergreen, humid forest from low and mid-altitude (17–19). Montane
vegetation developed before 15.2 kyr BP at Montagne d’Ambre, especially with a high
amount of Ericaceae, which is characteristic for montane shrubland and hence suggests
drier and colder climate conditions in comparison to modern conditions (16). Moreover, in
PZ1, high relative percentages of aquatic plants with Potamogeton or Cyperaceae are
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recorded. In particular, Potamogeton, a submerged leafed macrophyte typical for aquatic
plants generally grows in lakes with large shallow areas (20). Under dry conditions
evidenced by forest composition, a shallow lake level could explain development of these
taxa. In PZ2 (coinciding with the lithological change between the two firsts units), pollen
assemblages show a major vegetation change characterized by an abrupt drop of Ericaceae
after 15.2 kyr BP followed by a decrease of Myrica and Podocarpus after 12 kyr BP. The
montane vegetation, replaced by Elaeocarpaceae, Macaranga-Mallotus, MoraceaeUrticaceae undiff. and Celtis, shows a succession between the montane shrubland, the
lower montane forest and the evergreen humid forest which reaches a maximum expansion
after 11.8 kyr BP. The development of evergreen humid forest combined with a decrease
of aquatic plants, suggest an important precipitation increase in comparison to PZ1.
However, although the evergreen humid forest remains stable until 0.9 kyr several distinct
evergreen forest successions can be observed. For example, the evergreen humid forest
from mid altitude is defined by the genus Tambourissa-Weinmannia (18) and our pollen
assemblages illustrate maximum values of Weinmannia between 11.8 kyr BP and 5.5 kyr
BP. Afterwards, several pioneer taxa, typical of forest edges or increased disturbances such
as Macaranga-Mallotus or Trema, increase slightly (19, 21). From 5.5 kyr BP,
contemporary to change in mean particle size (coarsening), an increase of aquatic plants is
also recorded in particular by Potamogeton, reflecting again a lake with large shallow areas
certainly related to a decrease of lake level and precipitation that also may explain the
observed change in forest composition. In PZ3, starting from ~0.9 kyr BP, the evergreen
humid forest shows an abrupt decrease at the expanse of Poaceae combined with an
increase of Cyperaceae. Today, while the evergreen humid forest is still dominant in
Montagne d’Ambre, this abrupt change may indicate the beginning of the colonization of
the margins of the lake by sedges and peat bog which is currently growing on the lake.
Combined with pollen data, the charcoal record allows to reconstruct fire history in
the environment surrounding our study site and around Montagne d’Ambre, improving our
understanding of the regional environmental changes. A first increase of charcoal influx
between 14.5 and 13.5 kyr BP is occurring at the beginning of the second pollen zone
during the transition between the montane vegetation and the evergreen humid forest. This
might be related to the important climatic change during this transition that may have
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produced fire prone vegetation (with increase of Podocarpus combined with Myrica)
and/or specific climate conditions inducing an increase of fire activity in the lowland areas
such as an increase of biomass burning. However, due to the relatively low values of
charcoal influx, we can exclude local fire occurrences at the catchment of the study lake.
After 13 kyr BP with the full development of evergreen humid forest, charcoal particles
are almost absent until the late Holocene. Just few particles are counted during the late
Holocene before a continuous occurrence starts simultaneously with the change to PZ3 at
0.9 kyr BP and charcoal shows a dominance of graminoid pieces. While the modern
evergreen humid forest in Montagne d’Ambre is not prone to fires, the increased fire
activity during the last millennium is most likely the result of a regional increase of fires
in the lowland areas surrounding Montagne d’Ambre. This marked change is certainly
related to a significant increase of human impact in the region as evidenced by other records
from northwestern Madagascar (22–24). In addition, the abrupt increase recorded by
Poaceae is also certainly reflecting a regional signal characterized by an openness of the
lowland landscape related to the fire activity which increased since 0.9 kyr BP.

Figure S2.4. Synthetic pollen diagram and influx of charcoal particles from core LM1B against the
age scale indicated in calendar kiloyear before present (kyr BP). Vegetation groups are indicated
in bold and correspond to the sum of the taxa plotted with the same color. The pollen record was
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subdivided into three significant pollen zones (PZ) by applying a constrained cluster analysis by
sum of squares analysis performed on terrestrial pollen taxa (Grimm, 1987). The grey dashed line
and the white bar on the right side represent the PZ. The bar on the right side and the red lines
represent the main sedimentological units described in 2.5.1.1. The pollen diagram and cluster
analyses were performed using the RStudio software (Version 1.2.1335) running the package
"Rioja" (Version 0.9-21; 25).

2.5.2. Supplementary information for the demographic reconstructions

2.5.2.1. Supplementary Methods
2.5.2.1.1. Mouse lemurs capture
Given that little is known about the distribution and ecological preferences of M.
arnholdi, two survey methods were initially used to secure its presence: nocturnal distance
sampling and trapping, which were performed along 1 km length transects established at
different locations but close to the lakes (see 26 for details about the survey methods). A
total of 586 Sherman Traps (Sherman Traps Inc, Tallahassee, FL, USA) baited with banana
were installed overnight in Mahasarika during six nights, and 454 traps were installed in
Fantany during five nights. However, this method was not successful, and all animals were
therefore captured by hand near those trees that they were using during nighttime activity.
Small ear biopsies (approx. 2 – 3 mm2) were taken from all captured animals for genomic
analyses. Tissue samples were stored in Queen’s lysis buffer (27), were preserved at room
temperature during the field season and subsequently at -20 °C in the laboratory.

2.5.2.1.2. RADseq library
DNA concentration was initially estimated with the Qubit® Fluorometer (Life
Technologies), using the dsDNA HS (High Sensitivity) Assay Kit. RADseq libraries were
prepared using 200 ng of genomic DNA and the TruSeqNano DNA HT kit (Illumina). The
restriction enzyme SbfI was used to generate the DNA fragments. Libraries were prepared
in sets of 24 samples sorted based on their original DNA concentration. Each sample was
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ligated to one of 48 available P1 adapters with a unique 5 base pair (bp) molecular identifier
(MID) for correct discrimination of the samples after sequencing. All fragments were
randomly sheared using a Covaris M220 ultrasonicator, resulting in fragments with an
average size of 550 bp. Sheared DNA fragments were ligated to the P2 adapter and all
fragments with both P1 and P2 adapters were amplified in 10 Polymerase Chain Reaction
(PCR) cycles. DNA concentration and fragments sizes of the amplified libraries were
verified on a Qubit® Fluorometer and on a Bioanalyzer 2100, respectively. The libraries
were sequenced using 150bp paired-end reads on an Illumina HiSeq3000 at the GeT-PlaGe
platform (Toulouse, France) (for details about RADseq method see 28).

2.5.2.1.3. Pipeline for the analyses of raw RADseq reads
Raw reads were initially demultiplexed by individual molecular identifiers with
splitbc from the FASTX-toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). The quality of
the

raw

reads

was

checked

with

FastQC

v0.11.7

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc) and the raw data were filtered with
Trimmomatic v0.36 (29). Illumina adapters were removed from the reads
(ILLUMINACLIP:2:30:10) and low quality bases on read ends were removed
(LEADING:3 and TRAILING:3). A minimum 4-base sliding window trimming was
performed to cut the bases with quality score below 15 (SLIDINGWINDOW:4:15). Reads
with less than 60 bp length after the cleaning steps were removed from the analyses
(MINLEN:60). BWA-MEM (http://bio-bwa.sourceforge.net/) was used to align the pairedend reads of each sample to a high-coverage genome assembly of Microcebus murinus (30;
genome coverage: 221.6X; GenBank Assembly accession number: GCA_000165445.3)
and to a M. murinus mitogenome (31; 17114 bp; GenBank Assembly accession number:
KR911908.1). Note that only the reads that mapped against the autosomal chromosomes
were kept in the pipeline. In order to decrease the computational effort, the alignments were
converted from the Sequence Alignment Map (SAM) format to the corresponding binary
version (BAM) with SAMtools v1.8 (32). PCR duplicates created during PCR
amplification were finally removed using SAMtools v1.8 (32).
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Next-Generation Sequencing platforms can generate large amounts of sequencing
data but are prone to sequencing errors (33–35). ANGSD (Analyzing Next Generation
Sequencing Data; 35) provides an analytical framework that includes multiple methods
using genotype likelihoods (i.e. marginal probability of the sequencing data given a
genotype in a particular individual in a particular site) during downstream analyses (35).
The genotype likelihoods retains information about uncertainty in base calls, which enables
to control some issues commonly associated with RADseq datasets (e.g. unevenness in
sequencing depth and allele dropout; 33–35). ANGSD (35) was used to call the genotype
likelihood for sites present in at least 75% of the individuals. In order to keep only sites
from high quality reads, bases with base quality (MinQ) below 20 and reads with mapping
quality (minMap) below 30 were removed. Additional filters were applied to remove reads
that did not map uniquely and with minimum Minor Allele Frequency (minMaf) below
0.5. In addition to the quality reads, all individuals with a mean sequencing coverage < 4X
were excluded from our dataset (see 35–37).

2.5.2.1.4. Whole-genome sequencing library, data filtering and command lines
Libraries of isolated DNA from the two mouse lemurs were prepared using
NEBNext Ultra DNA Library Prep Kit for Illumina (New England BioLabs, Ipswich, MA,
USA). Samples were sheared by a focused‐ultrasonicator (Covaris M220, Woburn,
Massachusetts, USA) and underwent indexing and size selection according to the
manufacturer’s recommendations. Whole genome sequencing was performed on an
Illumina NextSeq 500 (Illumina, San Diego, CA, USA) for 300 cycles in paired‐end mode.
Visual quality control of whole-genome sequencing data was performed using fastqc,
version 0.11.7 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were
trimmed using PRINSEQ version 0.20.4 (38) and mapped to the reference genome M.
murinus (30; genome coverage: 221.6X; GenBank Assembly accession number:
GCA_000165445.3) using BWA version 0.7.17 (39). PSMC analyses were done using the
following command line: ‐N30 –t5 –r5 –p “4+25*2+4+6” ‐D100 –d3 –q30. The IICR that
best explain the PSMC curves was obtained with the following ms command: ms 2
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1000000 -T -L -I 29 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -eM 0 15.0928
-eM 0.6048 0.3413 -eM 4.542 17.1249 -eM 13.682 0.9428 -eM 22.2268 0.2924.

2.5.2.1.5. Relatedness analyses
Two alleles are identical by descent if they recently descended from a common
ancestral allele (36, 40). The probability of two individuals sharing 0, 1 or 2 alleles from a
single ancestor at any locus is expressed by the identity-by-descent (IBD) coefficients k0,
k1 and k2, respectively (40). The software NGSrelate (36) allows to estimate those IBD
coefficients based on the allele frequencies per site. Allele frequencies were calculated
using ANGSD (35) by inferring major and minor alleles and considering only sites with a
p-value < 1e-6 and a minor allele frequency > 0.05. The IBD coefficients among individuals
were calculated with NGSrelate. The relatedness categories between individuals (i.e. 1°,
2° and 3° degree of relatedness or unrelated) were inferred based on the IBD coefficients
that were compared to the expected IBD probabilities (Parent-offspring: k0 = 0, k1 = 1 and
k2 = 0; Full sibs: k0 = 0.25, k1 = 0.50 and k2 = 0.25; 40).

2.5.2.1.6. Demographic methods assumptions
The Stairway Plot (41) is a widely use tool that makes use of the Site Frequency
Spectrum generated from population genomic data to infer population size changes. It
estimates a series of population mutation rates (θ = 4Neµ), following a multi-epoch
demographic model, where epochs coincide with coalescent events (41). Changes in Ne
through time are estimated based on the estimation of θ. Consequently, the plot is not
continuous, but describes discrete blocks of times (epochs), where the number of the
epochs is dependent of the number of possible coalescent events in the dataset (i.e. the
number of individuals and the number of SNPs) (42). Alternatively, the PSMC (43) makes
use of the whole genome of a single diploid individual to infer population size changes,
and it relies on the coalescent theory to estimate the time to the most recent common
ancestor (TMRCA) of two alleles at a given locus (44). It has been stated that this method
is more informative about events occurring in the old past (41, 43, 45–48). Both the
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Stairway Plot and the PSMC assume that the genomic data used for the analyses come from
a panmictic population. The Inverse Instantaneous Coalescence Rate (IICR; 49) allows to
investigate the effect of population structure on demographic inferences using genomic
methods such as the PSMC. The IICR function is equivalent to a population size change
for a genomic dataset from an unstructured population, but for data from a structured
population, the IICR corresponds to the trajectory of the effective population size and the
migration pattern between demes (49, 50). Finally, the fastsimcoal2 (51) is a compositelikelihood method that allows to compare alternative evolutionary scenarios from a Joint
Site Frequency Spectrum (e.g. 2d-SFS or 3d-SFS), where the number of dimensions refers
to the number of populations compared in the models (52). The SFS-based methods require
less sequence data per individual but a greater number of individuals to estimate a well
derived SFS. A minimum of 10 individuals per population is typically used and was
achieved in our study (46, 51, 53).

2.5.2.1.7. fastsimcoal2 command options
We ran the fastsimcoal2 v.2.6 (51) using 200,000 coalescent simulations per sets
of parameters (-n 200 000), 40 ECM cycles during parameter estimation from the SFS (-L
40) and –C 1 as the threshold for the observed SFS entry count. The additional –M and –
m options were used to perform parameter estimation from the folded 2d-SFS with the
maximum composite likelihood. With the exception of the migration rate, wide search
ranges with uniform distributions were used for all models (Table S2.4). A total of 100
independent fastsimcoal2 runs were performed for each demographic model to determine
the parameter estimates that maximize the composite-likelihood (51). Ultimately,
fastsimcoal2 was used to generate 20 bootstrap SFS for the three best fitting demographic
models, considering the parameters that maximized the likelihood for each respective
model. A total of 20 independent fastsimcoal2 runs were performed a posteriori with each
of the 20 generated bootstrap SFS for each model, using the previous command options (L 40 -n 200000 -m -M -C1). The parameter estimates with the highest likelihood from each
independent run were lastly used to calculate the 95% CI.

77

PhD thesis Helena Teixeira, Chapter 2, Manuscript I

2.5.2.1.8. Linkage Disequilibrium
The use of linked sites in the fastsimcoal2 approach does not bias parameter
estimation, since composite-likelihoods converge to the correct parameters that maximize
the likelihood, but it may bias the likelihood estimation (51, 53). In order to account for
this potential source of bias, we inspected the entire SNP distribution across the M.
arnholdi genome, and we thereby confirmed that the RADSeq related SNPs were spread
out widely and occurred almost randomly across the 32 autosomal chromosomes (See
Figure S2.5). Therefore, we decided to keep all SNPs of our dataset for the fastsimcoal2
analyses, but we are aware that the estimated AIC values should be interpreted with
caution. Consequently, instead of considering only the best fitting model for M. arnholdi,
we decided to report the three best-fitting models.
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Figure S2.5. The SNP distribution across the entire M. arnholdi genome shows that SNPs were widely scattered across the 32 autosomal
chromosomes.
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2.5.2.2. Supplementary Results
2.5.2.2.1. Genomic datasets
Of the 46 samples (14 from Mahasarika and 32 from Fantany) sent for RADseq
sequencing, a total of 38 samples (12 individuals from Mahasarika and 26 from Fantany)
passed all quality filters, i.e., exhibited the mean sequencing coverage required for the
analyses with the ANGSD framework tools (> 4X; see (36, 37, 54) and were unrelated to
other individuals of our dataset (data not shown). An average of 10 008 635 ± 3 374 440
(SD; standard deviation) Illumina reads per individual were obtained for the final RADseq
dataset (n = 38). After applying the quality filters (e.g. removing Illumina barcodes,
discarding low quality reads and trimming), an average of 8 692 396 ± 2 920 414 reads per
individual was retained in the analyses. Of these, an average of 7 590 190 ± 2 589 226
reads per individual was successfully mapped to the M. murinus reference genome. After
PCR duplicate removal, an average of 5 940 281 ± 2 050 423 reads per individual (Table
S2.3) were retained for the further analyses. After all cleaning steps, the maximum number
of sites used for the subsequent analyses were 58 219 228 sites (490 778 variant sites) for
the larger dataset (Stairway Plot; n = 38) and 62 316 703 sites (737 670 variant sites) for
the smallest dataset (fastsimcoal2; n = 20).
Whole-genome sequencing and mapping of the two M. arnholdi individuals
resulted in 37 016 904 234 (Mahasarika) and 43 604 237 434 (Fantany) bases mapped as
well as an error rate of 3.90 X 10-2 (Mahasarika) and 3.96 X 10-2 (Fantany). The mean
depth of coverage ranged between 13.72X (Mahasarika) and 16.01X (Fantany). For PSMC
analysis, a total of 2 138 200 000 and 2 146 600 000 sites were processed for Mahasarika
and Fantany, respectively. For details about the list of individuals used for each
demographic method see Table S2.2.

2.2.2.2.2. Genetic structure in M. arnholdi
The analysis with NGSadmix (34) confirmed the existence of genetic structure
among the two sites, since all 12 individuals captured in Mahasarika were assigned to one
of two clusters (blue) under the best partition of K = 2 with an average membership (Q)
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coefficient of 100%, whereas all 26 individuals sampled in Fantany were grouped in the
second cluster (red) with a Q coefficient ranging between 76-100% (Figure 2.1B, Figure
S2.6). At K = 3, the individuals from Mahasarika remained homogenous in one cluster,
whereas all individuals from Fantany were assigned in varying proportions to the two other
clusters, suggesting them to be more variable in genetic composition than the individuals
from Mahasarika.

Figure S2.6. Number of clusters inferred by NGSadmix. (A) Clustering assignment of 38
individuals to three genetic clusters (K = 3) using genotype likelihoods. Each individual is
represented by a single vertical bar and each color represents a distinct genetic cluster. Samples are
sorted according to sampling site. (B) Likelihood results and (C) Delta K estimation following the
method of Evanno (55) over 10 replicate NGSadmix runs for each K value. The best K value for
M. arnholdi is K = 2.
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2.5.2.2.3. Model selection with fastsimcoal2
The demographic history of M. arnholdi was preliminarily explored with five
simple model scenarios, assuming (M1) a panmictic population with constant population
size – null model; (M2) a panmictic population with a single population size change – one
size change model; (M3) a panmictic population that recently split in several demes –
recently structured model; (M4) an ancient structured population – ancient structured
model; and (M5) an ancient structured population that underwent changes in connectivity
through time – change in connectivity model (see Figure S2.7). The lowest ΔAIC values
were observed for the change model and the recently structured model, while the two
models assuming panmixia displayed the highest AIC and likelihood values (see Table
2.1). The two structured models had similar ΔAIC, and the parameter estimates for both
models point towards the same demographic scenario, since the migration rates were
relatively high for the ancient structured model (see Table S2.5). These two models were
chosen as basis for defining more complex models in the next step.

Figure S2.7. Illustration of the five simple demographic scenarios compared with fastsimcoal2
approach (step 1). The simplest scenario (M1) assumes the existence of a panmictic population
without population size change (null model) or with one population size change (one size change
model, M2). The third scenario relies on the existence of a panmictic population that recently split
in several demes (recently structured model, M3). The remaining two scenarios assume the
existence of an ancient structured population without changes in connectivity (ancient structured
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model, M4) or with changes in connectivity through time (change model, M5). The lowest ΔAIC
values were observed for M3 and M5 (see Table 2.1).

As a next step, eight demographic models differing in the number and succession
of population size changes assuming a recently structured population (M6 – M9), were
compared with models incorporating changes in connectivity (M10 – M13). Within the
“recently structured models” category, four scenarios where tested, assuming the
occurrence of: (M6) one recent population bottleneck; (M7) two consecutive population
bottlenecks; (M8) an asymmetric population bottleneck, wherein the discontinuous
population of Fantany suffered a first population reduction size, followed by a recent
population bottleneck for all three populations; and, finally, (M9) the occurrence of an old
population expansion before the population become structured. Within the “change in
connectivity models” category, four additional scenarios were tested, assuming the
occurrence of: (M11) a population bottleneck accompanied by a change in migration rate;
(M10) a population bottleneck followed by one change in migration rate; (M12) two
successive bottlenecks accompanied by a change in migration rate; and (M13) an ancient
population expansion followed by one subsequent change in migration rate (see Figure
S2.8). All recently structured models (M6 – M9) showed better support than the change in
connectivity models (M10 – M13; see Table 2.1). Since the three best models with lowest
ΔAIC (M6, M7, M8, Figure S2.9) exhibited a good fit to the observed data (marginal 1dSFS and 2d-SFS; Figure S2.10 to S2.12), all three models were considered as the best
fitting demographic models and kept for parameter estimations.
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Figure S2.8. Illustration of the eight more complex demographic scenarios compared with
fastsimcoal2 approach (step 2). These scenarios are divided into the recently structured and change
in connectivity model categories. (A) The recently structured model category includes four
scenarios with a single recent population bottleneck (M6), two population bottlenecks (M7), an
asymmetric population bottleneck (M8), or an old population expansion before the population
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become structured (M9). (B) The change model category compared four scenarios that assumed
the occurrence of a population bottleneck accompanied by changes in connectivity (M11), one
population bottleneck followed by one change in connectivity (M10), two bottlenecks accompanied
by one change in migration rate (M12), and an ancient population expansion followed by one
change in connectivity (M13). Overall, the models with the lowest ΔAIC values were models M6,
M7 and M8 from the recently structured model category.

Fig S2.9. Schematic illustration of the three demographic models (fastsimcoal2) that best fit the
observed data. For direct comparison of the inferred demographic history of M. arnholdi with the
available information on paleoenvironmental reconstructions, the three models were cut off at 25
kyr BP. (A) M8 infers the occurrence of an asymmetric population bottleneck; (B) M7 suggests the
occurrence of two consecutive population bottlenecks; and (C) M6 supports the occurrence of a
single population bottleneck. The different populations are represented by distinct colors, and
rectangle width is proportional to the estimated Ne. The occurrence of gene flow is exemplified by
arrows. N0POP = effective population size for each population at present time; N1POP = effective
population size for each population before a given demographic event; NANC = ancestral
population size; NMAH, NFAU and NGHO = effective population size of populations Mahasarika,
Fantany and Ghost, respectively). 2Nm = average number of haploid immigrants entering the
population per generation, where 2NM0 denotes early migration between demes (See Table S2.6).
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Figure S2.10. Fit of the expected marginal 1d-SFS under the three best demographic models
inferred with fastsimcoal2. The marginal SFS is obtained by summing all the entries of the 2d-SFS
with a given frequency in one population and discarding the monomorphic sites across all samples.
All demographic models exhibited a good fit for the marginal SFS.
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Figure S2.11. Fit of the expected pairwise 2d-SFS obtained for the three best demographic models
inferred with fastsimcoal2. Each row shows the observed and expected 2d-SFS in log10 scale. The
monomorphic sites across all samples were discarded. The expected SFS was multiplied by the
total number of SNPs to be in the same scale as the observed 2d-SFS. The figure shows a good fit
for the three demographic models.

Figure S2.12. Relative differences between the observed and expected SFS for the three best
demographic models inferred with fastsimcoal2. Each row shows the relative differences between
the observed and expected SFS. The figure show that all three demographic models are fitting the
real data well.
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2.5.2.2.4. Validation of the generation time with the paleoecological data
For all demographic methods, varying the generation time (1 year vs. 2.5 years vs.
4.5 years) strongly affected the chronology of demographic events. When varying the
generation time within the Stairway Plot, GT = 2.5 and 4.5 suggest a stable and large
population size across the LGM which should be clearly rejected based on the available
knowledge on Pleistocene vegetation dynamics. Considering GT = 1, the plots suggested
a population expansion during the LGM period, which reached its maximum population
size already during the onset of the AHP (approximately 14 kyr BP). Thereafter, the
population sizes remained stable until the Mid-Holocene (~ 6 kyr BP). This period was
followed by a massive decrease of the population size until the present days. Although GT
= 1 produced a more realistic demographic scenario than the other two generation time
estimates, the dating of older demographic events highlighted by Stairway Plot with GT =
1 was not congruent with the paleoecological data. The Stairway Plot does therefore not
allow to decide which GT is best used for M. arnholdi (Figure S2.13).
When varying the generation time within PSMC, under GT = 1, the oldest
population bottleneck fell within the AHP. This scenario is not realistic because this period
was dominated by first expanding and then stable evergreen humid forest (Figure S2.14).
Under GT = 4.5, the most recent population bottleneck already occurred during the Early
Holocene (~ 9 or 12 kyr BP) which also contradicts our expectations. In contrast, the results
under GT = 2.5 fitted the vegetation dynamics best with an increase of Ne during the AHP
followed by a population decline starting during the Mid-Holocene (Fantany, ~ 7 kyr BP;
Mahasarika, ~ 5 kyr BP) (Figure S2.14).
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Figure S2.13. Comparison of the demographic history inferred for M. arnholdi with the Stairway
Plot method, considering three generation times: 1, 2.5 and 4.5 years. The results for the different
generation times are shown together with the vegetation and climatic changes revealed by the
paleoecological analyses. None of the three generation time values were in concordance with the
known vegetation dynamics. The legend on the top identifies the main periods of vegetation change
derived from the paleoecological analyses.
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Figure S2.14. Comparison of the demographic history inferred for M. arnholdi with the PSMC
method, considering three generation times: 1 (blue), 2.5 (purple) and 4.5 years (yellow). The
results for the different generation times are shown together with the vegetation and climatic
changes revealed by the paleoecological analyses. The results for GT = 2.5 are in concordance with
the inferred vegetation dynamics. The legend on the top identifies the main periods of vegetation
changes derived from the paleoecological analyses (see main text).
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When varying the generation time within fastsimcoal2 for the three best models, a
GT = 1 (Figure S2.15A) or 2.5 years (Figure S2.15B) would generate signals of mid to late
Holocene population bottlenecks. Whereas under GT = 1 all bottlenecks would have
occurred during the last 2 kyr BP, the first population decline under GT = 2.5 would have
started earlier at < 5 kyr BP, and only the most recent one would have begun at < 2 kyr BP.
Under GT = 4.5 (Figure S2.15C) the earliest population bottleneck would have started
already during the AHP period (~ 9 kyr BP), while the most recent declines with all three
best models would have fallen into the mid to late Holocene (< 5 kyr BP). This latter
scenario is highly unlikely given the paleoenvironmental results. This method does not
allow, however, to decide between GT = 1 and GT = 2.5, although the congruence with the
paleoenvironmental results is slightly better for GT = 2.5 (see main text).
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Figure S2.15. Comparison of the timing for the major demography events estimated for the three
best demographic models with fastsimcoal2, considering the three generation times: (A) GT = 1,
(B) GT = 2.5, and (C) GT = 4.5 years. The different generation times were compared to the
vegetation and climatic changes revealed by the paleoecological analyses. The generation time
value of 2.5 is the one that best fits the predictions derived from the vegetation dynamics. The right
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panel illustrates the five main periods of vegetation change derived from the paleoecological
analyses. LGT = Last Glacial Termination.

In summary, the GT that fitted best all paleoecological predictions was GT of 2.5
years when evaluated with the PSMC. Fastsimcoal2 did not infer any older demographic
dynamics, but the mid and late Holocene dynamics were also most congruent with the
predictions under GT = 2.5 (Figure S2.14 and S2.15B). In contrast, it was not possible to
generate a Stairway Plot that fitted older and younger demographic predictions under any
of the generation time estimates, although G = 1 generated plots that were at least congruent
to mid and late Holocene predictions (Figure S2.13). It has previously been shown that
Stairway Plot produce better inferences in recent times, which could explain part of these
discrepancies (56). However, in reality, a GT = 1 is not likely for mouse lemurs, since this
value would imply a complete replacement of all reproductive members of the population
every year, with no parent becoming older than one year. This would also mean that the
entire breeding population would exclusively consist of primiparous individuals. This is
highly unlikely, since several studies demonstrated that the median adult survival in wild
mouse lemurs is higher than one year (57–59), and mouse lemur life span can be up to 8
years in the wild and up to 15 years in captivity (57, 60). Taken together, GT = 2.5
represents the best fit to the vegetation dynamics at Montagne d’Ambre and was used for
all analyses presented in the main text. This estimate seems appropriate for mouse lemurs
because it considers the entire reproductive career of individuals (59).
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Table S2.1. List of Accelerator Mass Spectrometry radiocarbon dating obtained from core LM1A
and LM1B. Datings indicated in grey correspond to outliers.

Sample
code

Core

Composite Material 14C Age
depth (cm)

Calibrated
age
(median)

Calibrated
age (2σ)

C Mass

Poz-101233

LM1B

234.35

bulk

505±30

510

491-540

>1mgC

Poz-101234

LM1B

321.46

bulk

2225±30

2219

2099-2312

>1mgC

Poz-97327

LM1B

348.48

bulk

2685±30

2761

2731-2843

>1mgC

Poz-101235

LM1B

426.28

bulk

3775±35

4081

3935-4231

>1mgC

Poz-97328

LM1B

515.05

bulk

5230±40

5945

5761-6173

>1mgC

Poz-101236

LM1B

596.93

bulk

7800±40

8530

8428-8603

>1mgC

Poz-106018

LM1B

636.93

bulk

8830±50

9812

9565-10146

>1mgC

Poz-101237

LM1B

672.7

bulk

10230±50

11864

11630-12040 >1mgC

Poz-94285

LM1A

686.26

bulk

10300±60

11979

11753-12388 >1mgC

Poz-97329

LM1B

750.99

bulk

10280±60

11935

11650-12369 >1mgC

Poz-111303

LM1B

786.49

bulk

12120±60

13923

13764-14096 >1mgC

Poz-97330

LM1B

821.76

bulk

12260±60

14114

13865-14396 0.7mgC

Poz-111270

LM1B

869.1

bulk

12900±60

15339

15139-15599 >1mgC

Poz-106099

LM1B

905.24

bulk

12180±60

14005

13790-14168 0.65mgC

Poz-97331

LM1B

972.93

bulk

12930±60

15388

15170-15641 0.5mgC

Poz-111271

LM1A

998.39

bulk

31700±700 35652

34331-37444 0.3mgC

Poz-106100

LM1B

998.98

bulk

23310±300 27506

26996-27980 0.12mgC

Poz-106101

LM1B

1018.98

bulk

20430±250 24560

23970-25231 0.10mgC

Poz-101239

LM1B

1033.98

bulk

19820±120 23808

23490-24121 >1mgC
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Table S2.2. List of individuals used for the three different demographic methods (PSMC, Stairway
Plot and fastsimcoal2) and respective sampling locations.
Site

Sample
ID

Latitude
(°N)

Longitude
(°E)

Sex

Stairway
Plot

fastsimcoal2

Mahasarika

M172

-12.522500

49.171503

M

X

X

Mahasarika

M176

-12.521762

49.171449

M

X

X

Mahasarika

M177

-12.522002

49.171540

M

X

Mahasarika

F179

-12.513236

49.185247

F

X

X

Mahasarika

F182

-12.512337

49.187275

F

X

X

Mahasarika

F187

-12.512342

49.187331

F

X

Mahasarika

F189

-12.512724

49.189859

F

X

X

Mahasarika

M197

-12.516145

49.177648

M

X

X

Mahasarika

M202

-12.515409

49.177699

M

X

X

Mahasarika

F208

-12.534563

49.172867

F

X

X

Mahasarika

M211

-12.530392

49.172056

M

X

X

Mahasarika

M217

-12.526261

49.175285

M

X

X

Fantany

F219

-12.691328

49.187968

F

X

Fantany

F220

-12.690911

49.177168

F

X

Fantany

F221

-12.691590

49.175873

F

X

Fantany

F222

-12.690769

49.176769

F

X

Fantany

F225

-12.688768

49.173328

F

X

Fantany

F226

-12.690204

49.176118

F

X

Fantany

M227

-12.690649

49.188085

M

X

Fantany

M229

-12.692943

49.190754

M

X

Fantany

F230

-12.692921

49.190785

F

X

Fantany

M232

-12.692398

49.190254

M

X

Fantany

F233

-12.690946

49.188093

F

X

Fantany

F234

-12.690867

49.188106

F

X

PSMC

X

X

X

X

X
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Fantany

M236

-12.690643

49.188069

M

X

Fantany

F239

-12.692905

49.172407

F

Fantany

M242

-12.692905

49.172407

M

X

Fantany

F243

-12.692905

49.172407

F

X

X

Fantany

M245

-12.693038

49.172673

M

X

X

Fantany

M246

-12.691669

49.187035

M

X

X

Fantany

M247

-12.692562

49.190501

M

X

X

Fantany

M249

-12.692562

49.190501

M

X

Fantany

M250

-12.689802

49.181150

M

X

X

Fantany

F252

-12.688783

49.178068

F

X

X

Fantany

F257

-12.687819

49.177150

F

X

Fantany

M259

-12.687819

49.177150

M

X

Fantany

M260

-12.687757

49.177510

M

X

Fantany

M261

-12.687757

49.177510

M

X

X

X
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Table S2.3. Information regarding the number of raw reads obtained from the Illumina sequencing
(# raw reads), the number of reads that pass the quality filters (# reads after filtering), the number
of reads that were maintained after read alignment against the reference genome (# reads after
filtering), and the final number of reads that were kept for the downstream analyses (# reads without
PCR duplicates) for the 38 M. arnholdi samples that passed all quality filters and were used for the
demographic analyses.
Sample ID

# raw reads

# reads after
filtering

# reads after
mapping

# reads without
PCR duplicates

M172

7195942

6432086

6045690

4340317

M176

7044038

6316228

5957032

4295324

M177

7486094

5973370

5649536

4506556

F179

6654996

5966592

5626661

4095313

F182

9493922

8487094

7894754

5571903

F187

8560786

7642090

7204389

5106322

F189

6145224

5497036

5208736

3806023

M197

5771052

5128518

4816559

3639983

M202

8094150

7239754

6882020

4940597

F208

5803452

5156734

4858065

3681512

M211

6403694

5073910

4750649

3787391

M217

5702156

5073106

4775024

3614356

F219

6727788

5840144

5477270

4527456

F220

7248420

6282072

5908053

4880074

F221

13463414

11746434

11127530

8543693

F222

15766560

13725764

14034

1572

F225

10844260

9409078

8816604

7112992

F226

14379062

12346268

11622481

9234538

M227

13814756

11945104

11328200

9012897

M229

9564618

8437460

6394881

4973663

F230

16428192

14341020

11575764

8761533
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M232

6806066

5953496

4981055

4131346

F233

10400374

9016736

8507218

6889778

F234

17650798

15411746

11935391

8924663

M236

17388904

15174836

11308136

8365073

F239

10771680

9280946

8689703

7009404

M242

11373338

9028016

8456841

6869436

F243

10753442

9340896

8770279

7103831

M245

13177134

11382216

10758872

8605551

M246

10566840

9223788

8690425

7052052

M247

11031930

9573280

9009215

7283676

M249

13388930

11556332

10887707

8697992

M250

8392816

7286396

6842855

5628443

F252

9944552

8648434

8131199

6624522

F257

9746702

8440134

7948727

6463275

M259

9958622

8679180

8157264

6623857

M260

9001046

7837700

7366993

6029796

M261

7382390

6417050

6051393

4993984
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Table S2.4. List of all demographic parameters used in each model during the fastsimcoal2
analyses, and their respective search ranges. N0POP = effective population size for each population
at present time; N1POP = effective population size for each population before a given demographic
event; NANC = ancestral population size; NMAH, NFAU and NGHO = effective population size
of populations Mahasarika, Fantany and Ghost, respectively; N1FAU = effective population size
of Fantany after the first bottleneck (asymmetric model). All population size parameters are given
in haploid numbers. 2Nm = average number of haploid immigrants entering the population per
generation, where 2NM0 denotes early migration between demes and 2NM1 ancient migration.
Tchange = time of a given demographic event, where Tchange1 correspond to the most recent event
and Tchange3 to the oldest one. Time estimates are given in number of generations.

Search
Range
Parameter

Models

Value

Distribution

Min.

Max.

Bounded?

N0POP

1

Integer

Uniform

50

1 e5

no

N0POP

3, 4, 5, 6, 8, 9, 10, 13

Integer

Uniform

15

1 e5

no

N0POP

2, 6

Integer

Uniform

50

3 e5

no

N0POP

11

Integer

Uniform

15

1 e4

no

N0POP

7, 12

Integer

Uniform

10

1 e4

no

N1POP

7, 11, 12

Integer

Uniform

15

1 e5

no

N1POP

8, 9

Integer

Uniform

50

3 e5

no

N2POP

8

Integer

Uniform

15

1 e5

no

NANC

2, 3, 6, 7, 8

Integer

Uniform

50

3 e5

no

NANC

9, 13

Integer

Uniform

15

1 e5

no

NANC

10, 12

Integer

Uniform

50

4 e5

no

2NM0

1, 2

Float

Log-Uniform

50

100

yes

2NM0

3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13

Float

Log-Uniform 0.001

20

yes

2NM1

5, 10, 11, 12, 13

Float

Log-Uniform 0.001

20

yes

Tchange 1

2, 3, 5, 6, 11

Integer

Uniform

100

5 e4

no

Tchange 1

7, 8, 9, 12

Integer

Uniform

100

1000

no

Tchange 1

13

Integer

Uniform

100

6000

no
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Tchange 1

10

Integer

Uniform

100

1 e5

no

Tchange 2

7, 9, 10, 12

Integer

Uniform

1000

5 e4

no

Tchange 2

13

Integer

Uniform

6000

3 e5

no

Tchange 2

8

Integer

Uniform

1000

6000

no

Tchange 3

8

Integer

Uniform

6000

5 e4

no

NMAH,
NFAU,
NGHO

8

Integer

Uniform

10

1 e4

no

N1FAU

8

Integer

Uniform

15

1 e5

no
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Table S2.5. Demographic parameter estimates that maximized the likelihood of each of the 13 alternative demographic models after 100 independent
simulations per model. N0POP = effective population size for each population at present time; N1POP = effective population size for each population
before a given demographic event; NANC = ancestral population size. All population size parameters are given in haploid numbers. 2NM0 = average
number of haploid immigrants entering the population per generation recently and 2NM1 = average number of haploid immigrants entering the
population per generation before a given demographic event. Tchange = time of a given demographic event, where Tchange1 corresponds to the
most recent event and Tchange3 to the oldest one. Time estimates are given in number of generations.

Category

Simple

Recently
structured

Model Topology

N0POP

N1POP

NANC

TCHANGE
1

TCHANGE
2

TCHANGE
3

2NM0

2NM1

RESIZE1

RESIZE2

MIG0

MIG1

M1

Null model

70814

_

_

_

_

_

52.0

_

_

_

_

_

M2

One size change

208969

_

39211

106

_

_

51.4

_

0.19

_

2.5E04

_

M3

Recently Structured

47918

_

143754

1 812

_

_

0.2

_

_

_

3.7E06

_

M4

Structured

47033

_

_

_

_

_

4.1

_

_

_

8.7E05

_

M5

Change in
connectivity

37230

_

_

217 383

_

_

4.2

0.05

_

_

1.14E
-04

1.26E-06

M6

Recently structured
+ one bottleneck

7800

_

159874

737

_

_

3.8

_

20.5

_

4.88E
-04

_

M7

Recently structured
+ two bottlenecks

13937

14329

151573

429

1 957

_

7.2

_

1.0

10.6

5.19E
-04

5.05E-04

Recently structured
+ asymetric
bottleneck

2959 (MAH);
4015 (FAU);
86 (GHO)

M8

15901
(N1FAU)

98581

216

18 288

310 408

13.5

_

33.3(MA
H);
3.9(FAU); 6.2 (FAU)
1146.3(G
HO)

3.37E
-03

8.50E-04
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Change in
connectivity

M9

Old expansion +
recently structured

6862

148284

160215

560

25212

3.4

_

21.6

1.1

4.94E
-04

_

M11

Change + one
bottleneck

21416

160930

_

5 611

_

_

4.2

1.2

7.5

_

1.96E
-04

7.40E-06

M10

One bottleneck +
change

37766

_

181486

984

52 825

_

0.05

12.3

4.8

_

1.44E
-06

3.27E-04

M12

Two bottlenecks +
change

19928

214419

255633

5227

148692

_

4.1

3.3

10.8

1.2

2.07E
-04

1.53E-05

M13

Old expansion +
change

39300

_

27715

9 611

426 988

_

4.2

0.2

0.7

_

1.06E
-04

6.35E-06
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Table S2.6. Maximum likelihood (ML) estimates for the three best fitting demographic models
(M6, M7 and M8) and respective 95% confident intervals generated by block-bootstrap.
Population size change estimates are given in number of haploid copies and time change estimates
in number of generations. N0POP = effective population size for each population at present time;
N1POP = effective population size for each population before a given demographic event; NANC
= ancestral population size; NMAH, NFAU and NGHO = effective population size of populations
Mahasarika, Fantany and Ghost, respectively; N1FAU = effective population size of Fantany after
the first bottleneck (asymmetric model). All population size parameters are given in haploid
numbers. 2NM0 = average number of haploid immigrants entering the population per generation.
Tchange = time of a given demographic event, where Tchange1 corresponds to the most recent
event and Tchange2 to the older one. Time estimates are given in number of generations.
M6
95 % CI
Parameter

ML
estimate

Lower bound

Upper bound

N0POP

7 800

8 454

10 478

NANC

159 874

158 887

159 499

TCHANGE1

737

871

1 111

2NM0

3.81

3.85

3.96

M7
95 % CI
Parameter

ML
estimate

Lower bound

Upper bound

N0POP

13 937

11 796

14 133

N1POP

14 329

13 161

17 773

NANC

151 573

109 463

147 754

TCHANGE 1

429

364.0

810.0

TCHANGE 2

1 957

1 607

2 172

2NM0

7.23

6.73

9.34
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M8
95 % CI
Parameter

ML
estimate

Lower bound

Upper bound

N0MAH

2 959

5 111

7 307

N0FAU

4 015

5 698

8 085

N0GHO

86

526

813.0

N1FAU

15 901

18 508

43 813

NANC

98 581

297 503

325 414

TCHANGE1

216

1 376

2 277

TCHANGE2

18 288

7 371

11 879

TCHANGE3

310 408

448 994

453 442

13.52

14.76

15.13

2NM0
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Quaternary climate fluctuations have been largely acknowledged as a major driver
of species evolutionary patterns in the northern hemisphere. However, the impact of these
oscillations on tropical biodiversity hotspots such as Madagascar remains poorly
understood. The present study combines demographic inferences from two genomic
datasets (restriction site associated DNA sequencing and whole-genome sequences) with
historical ecological niche models (ENMs) to evaluate the evolutionary trajectories of
two mouse lemurs species, Microcebus murinus (n = 22) and M. ravelobensis (n = 55).
The two species differ largely in distribution size (large vs. small) but are partially
sympatric in northwestern Madagascar. Mouse lemurs individuals were sampled across
two locations within Ankarafantsika National Park, Ravelobe and Ankomakoma. The
projection of the ENMs to the last Interglacial (LIG) and last glacial maximum (LGM)
suggests that the bioclimatic niches of both species varied substantially across the late
Quaternary and were unexpectedly larger during the LGM when climatic conditions may
have been cooler and wetter compared to present times or the LIG. The genomic analyses
reveals a pattern of isolation-by-distance and the occurrence of major demographic
changes since the LIG in the two mouse lemurs species that could be explained by two
alternative demographic models – panmixia and population structure. Assuming
panmixia, the analyses suggests a population expansion towards the LGM and a
subsequent population bottleneck for both species. Alternatively, considering a structured
population with a constant population size but changes in connectivity, the results
indicates lower levels of population connectivity during the LGM for both species, and
higher connectivity during the African Humid Period for M. murinus but not for M.
ravelobensis. Given the uncertainties in the historic forest dynamics regarding the
lowland forests of northwestern Madagascar, it was not possible to unambiguously decide
between the two models. The present study shows that is essential to consider both
panmixia and population structure models when analyzing genomic data to infer
demographic dynamics going back in time. In conclusion, multidisciplinary datasets
comprising genomic information and paleoenvironmental reconstructions are needed to
fully open the window to the past and reliably infer the demographic history of species in
complex landscapes such as the highly variable ecoregions on Madagascar.

Keywords: Quaternary oscillations, genomics, demographic modelling, paleoclimatic
reconstructions, mouse lemurs, Madagascar
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3.1. Introduction
Marked climatic oscillations during the Pleistocene have been largely
acknowledged as a major driver of evolutionary and biogeographical patterns of species
(1, 2). The present-day distribution, genetic diversity and phylogeographic structure of
many temperate and tropical species has been shaped by the historical warming–cooling
cycles that forced species to retract and expand according to their ecological preferences
(e.g. 2–8). It has been shown that, for temperate species, the expansion of suitable habitats
was generally associated with the warmer and wettest historical periods (interglacials and
interstadials) that favored species demographic expansions and an increase of population
connectivity in many taxa. Conversely, unfavorable glacial conditions have resulted in
the contraction of species distributions and even to the extinction of lineages or
populations (1, 6). Climatically stable areas (i.e. refugia) allowed the persistence of
isolated populations, promoted allopatric differentiation and/or acted as centers of
expansion during the subsequent interglacial period (4, 5). The species-specific response
to those climate fluctuations depends i) on the direction and extent of the climate change
relative to their fundamental ecological niche, ii) whether or not the niche is
evolutionarily conserved, and iii) on certain life history traits (i.e., traits that affect the
reproductive rate or vagility of an organism), such as the dispersal ability (3, 9). While
climate variability strongly shapes realized ecological niches, the species’ dispersal
ability determines how fast species may shift their distribution in response to climate
change and defines the degree of connectivity and spatial structure among populations (2,
3). For example, highly specialized species that display low levels of vagility are less
capable of shifting their geographical distribution towards a more suitable habitat.
Consequently, they need to adapt to environmental changes or to survive in areas where
climate and environment remained stable through time (3).
Drastic Pleistocene climate oscillations have been proposed as one of the drivers
of the extraordinary biodiversity observed in tropical biomes (1, 10, 11). Madagascar is
an exceptional biodiversity hotspot due to its very high species richness coupled with high
levels of endemism in fauna and flora (12). The island has been isolated from other
landmasses during the last 80 million years (13) and exhibits marked environmental
gradients. These conditions have promoted multiple adaptive radiations, leading to
numerous species restricted to small areas and adapted to particular climatic conditions
(11). One example for this is the genus of mouse lemurs (Microcebus spp.). M. murinus
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is the only mouse lemur species with a large geographic distribution, inhabiting the dry
deciduous and gallery forests from southern to northwestern Madagascar. Across its vast
range, M. murinus co-occurs with five other locally restricted mouse lemur species,
including M. ravelobensis in the northern part of its distribution (14, 15). The M.
ravelobensis occurs exclusively in the so-called Inter-River-System (IRS Ia; Figure 3.1)
delimited by the Betsiboka and the Mahajamba rivers (16, 17). The two species have most
likely undergone very different evolutionary trajectories. While M. ravelobensis is
thought to have diverged allopatrically from his sister species M. bongolavensis in
northwestern Madagascar (16), M. murinus likely diverged parapatrically from its sister
species M. griseorufus at about 3 – 6 Ma (million years ago) in the south of the island and
colonized the northwestern Madagascar during the late Pleistocene (14, 18). As forestdwelling primates, both species are probably susceptible to vegetation shifts. Therefore,
demographic dynamics can be expected as a result of late Quaternary climatic changes.
This susceptibility could be reinforced by particular life history traits, such as a low
dispersal rate or distance (M. murinus: male-biased dispersal with maximum distance of
1 km; 19).
The integration of molecular studies with paleoclimatic reconstructions of species
distributions has been successfully used to answer diverse biogeographical questions,
such as to characterize species environmental preferences (e.g. 9, 20), infer species range
shifts (e.g. 5, 21), identify past climatic refugia during climate oscillations (e.g. 2, 4, 22),
or to understand the impact of past climatic changes on genetic connectivity (e.g. 3, 23).
Most biogeographic studies have focused on the well-pronounced climate fluctuations
that occurred between the Last Interglacial (LIG; ca. 132 – 112 kyr; kyr = thousand years)
and the cold Last Glacial Maximum (LGM; ca. 26.5 – 19 kyr; Kukla et al. 2002). In
addition to this Interglacial – Glacial cycle, the so-called African Humid Period (AHP; ca
11.7 to 5 kyr in Northern Africa; 24) represents an important climatic event that strongly
impacted African regions and was characterized by a sudden increase in summer
precipitation. It has been shown that the AHP strongly impacted the vegetation cover
across continental Africa and Madagascar (24–26). However, in Madagascar,
paleoclimatic reconstructions have been scarcely used to complement population genetic
studies (but see 21).
The present study combines demographic inferences from genomic data
(restriction site associated DNA sequencing and whole-genome sequences) with
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historical ecological niche models (ENM) to evaluate potentially divergent evolutionary
trajectories of the sympatric M. murinus and M. ravelobensis. Specifically, we: (1)
investigate and compare the contemporary genetic diversity, genetic structure and gene
flow patterns among M. murinus and M. ravelobensis; (2) infer past demographic
dynamics for both species; and (3) predict their past suitable areas of presence during the
LIG and the LGM. The combination of these results allowed us to propose a
biogeographic scenario for M. murinus and M. ravelobensis in the light of past climate
changes and niche envelope.

3.2. Results
3.2.1. Local distribution of M. murinus and M. ravelobensis
The capture data revealed that M. murinus and M. ravelobensis were not evenly
distributed within both forest sites (Ravelobe and Ankomakoma; Figure 3.1B,C and Table
S3.1), even though the trapping effort was the same along all transects. M. ravelobensis
was found along seven of eight transects, while M. murinus was exclusively found along
one transect in Ravelobe and along 1.5 transects (on the last 400 m of a second transect)
in Ankomakoma. The two species were never found within the same stretch of the
transects.
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Figure 3.1. Study area and sampling strategy. (A) Distribution range of M. murinus and M.
ravelobensis across northwestern Madagascar and location of study sites. Individual capture
locations of mouse lemurs in (B) Ravelobe and (C) Ankomakoma along four forest transects,
respectively. Individual coordinates can be found in Table S3.8. MUR = M. murinus; RAV = M.
ravelobensis; ANP = Ankarafantsika National Park.

3.2.2. Genomic resources
Two genomic datasets were generated based on restriction site associated DNA
sequencing (RADseq) for complementary analyses, where dataset 1 corresponds to
genotype likelihoods and dataset 2 to Single Nucleotide Polymorphisms (SNPs; see
section 3.5.4. for details). The ANGSD pipeline (dataset 1) resulted in genotype
likelihood information from a total of 324,608 variable sites for M. murinus and 601,571
variable sites for M. ravelobensis, while dataset 2 consisted of 122,053 SNPs for M.
murinus and 242,121 for M. ravelobensis. The mean depth per individual ranged between
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13.82X and 42.18X for M. murinus, and between 13.96X and 47.88X for M. ravelobensis
(Table S3.6 and S3.7). Whole-genome sequencing and mapping of the single M. murinus
and the two M. ravelobensis individuals resulted in 42,439,655,918 bp (M. murinus),
44,785,142,282 bp (M. ravelobensis, Ravelobe) and 49,059,721,997 bp (M. ravelobensis,
Ankomakoma) mapped to the reference genome and a corresponding error rate of
2.66*10-02, 3.64*10-02 and 3.40*10-02, respectively. For the PSMC analysis, a total of
2,197,400,000 sites (M. murinus), 2,154,480,000 sites (M. ravelobensis, Ravelobe) and
2,159,200,000 (M. ravelobensis, Ankomakoma) sites were used.

3.2.3. Population genetic diversity
Despite being represented by a smaller sampling size, M. murinus exhibited
consistently higher levels of genetic diversity than M. ravelobensis in each study site
(Table 3.1). The nucleotide diversity ranged between 0.095 (M. ravelobensis, Ank) and
0.158 (M. murinus, Rav), and the observed heterozygosity ranged between 0.220 (M.
ravelobensis, Rav) and 0.364 (M. murinus, Rav). The summary statistics also suggested
higher levels of genetic diversity in Ravelobe than in Ankomakoma for M. murinus. No
such differences were observed between the two M. ravelobensis sampling sites. All sites
showed non-significant negative FIS values ranging from -0.069 to -0.203 (P > 0.05),
suggesting no systematic departures from Hardy-Weinberg Equilibrium (HWE).

Table 3.1. Genetic diversity summary statistics for each M. murinus and M. ravelobensis
population using dataset 2. Rav = Ravelobe; Ank = Ankomakoma; N = Sample size (where M =
number of males and F= number of females); % Poly = % Polymorphic sites; π = nucleotide
diversity (averaged over loci); He = unbiased expected heterozygosity (estimated according to Nei
1978); Ho = observed heterozygosity; FIS = population inbreeding coefficient (n.s.; p > 0.05).
Species
M. murinus

π

Pop

N

% Poly

Rav

7 (7M)

11.5

0.158 (± 0.081) 0.323 (± 0.156) 0.364 (± 0.256) -0.203

Ank

15 (8M/7F)

22.3

0.137 (± 0.067) 0.266 (± 0.166) 0.288 (± 0.231) -0.122

27.0

0.096 (± 0.046) 0.205 (± 0.164) 0.220 (± 0.206) -0.101

44.0

0.095 (± 0.046) 0.218 (± 0.163) 0.230 (±0.199) -0.069

Rav 30 (17M/13F)
M.
ravelobensis Ank 25 (16M/9F)

He

Ho

FIS
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3.2.4. Population structure and isolation-by-distance
Pairwise FST estimates suggested low levels of genetic differentiation between the
two sampling sites but the value was nevertheless significant for M. ravelobensis (M.
murinus: FST = 0.011, p = N.S.; M. ravelobensis: FST = 0.015, p < 0.0001). Likewise, the
Principal Component Analysis (PCA) showed a continuous variation pattern along the
first axis (> 22% variation explained) for both mouse lemur species (Figure S3A, B).
NGSadmix analyses revealed a weak population structure signal in M. murinus and M.
ravelobensis. Considering the K = 2 partition (Figure 3.2), individuals captured in
Ravelobe were assigned to one cluster, whereas the individuals captured in Ankomakoma
were assigned to a second cluster (but see Figure S3.2). However, substantial levels of
gene flow were observed among the two sites in both mouse lemur species. A Mantel test
based on all dyadic comparisons revealed a positive and significant correlation between
geographical distance and genetic distance in both mouse lemurs species (Pearson
correlation coefficient r = 0.2344 for M. murinus and r = 0.2173 for M. ravelobensis, p <
0.001), suggesting a pattern of isolation-by-distance across the spatial scale of about 10
km.

Figure 3.2. Population genomic structure of the two mouse lemur species. (A) Clustering
assignment of 22 M. murinus individuals and (B) Clustering assignment of 56 M. ravelobensis
individuals to two genetic clusters (K = 2) using dataset 1. Each single vertical bar represents an
individual and each color a distinct genetic cluster. Samples are sorted according to sampling site.
Illustrations copyright 2013 Stephen D. Nash / IUCN SSC Primate Specialist Group. Used with
permission.
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3.2.5. Demographic history of M. murinus and M. ravelobensis
The Stairway Plot analyses with the entire dataset suggested the same
demographic trend for M. murinus and M. ravelobensis (Figure 3.3B). Both mouse lemur
species exhibited an increase of population size < 100 kyr BP (Before Present). However,
whereas M. ravelobensis reached its largest population size (Ne ~ 170,000 for Ravelobe
and 210,000 for Ankomakoma) already slightly before and during the LGM (~ 19 kyr
BP), M. murinus underwent a moderate population increase (Ne ~ 40,000 for Ravelobe
and 60,000 for Ankomakoma) until the onset of the AHP (~ 15 kyr BP). These speciesspecific maxima were followed by a major decrease in population size until the present
for both species, although the population bottleneck started earlier in M. ravelobensis
(after LGM) than in its congener (during AHP). These Stairway Plot results also
suggested a higher Ne for M. ravelobensis than for M. murinus (Figure 3.3B), and these
species difference in Ne remained visible but were smaller when standardizing the number
of individuals in the analyses (N = 7 per study site and species; Figure S3.4). The
comparison of the two plots therefore confirmed that the estimation of the Ne with the
Stairway Plot method is sensitive to the number of individuals used in the analyses (27).
In contrast to the Stairway Plot, the PSMC (Pairwise Sequentially Markovian
Coalescent, 28), if interpreted in terms of population size changes, suggested different
demographic histories between the two mouse lemur species (Figure 3.3A). It inferred a
population size increase at both M. ravelobensis study sites which started even before the
LIG period (> 130 kyr BP) and reached a first maximum at the onset of the AHP in
Madagascar (~ 15 kyr BP; Ne ~ 45,000 for Ravelobe and 55,000 for Ankomakoma).
During the AHP (5 - 15 kyr BP) the results suggest a decrease of population size in both
sites followed by another shorter increase after the end of the AHP and a subsequent
decline towards the present. Conversely, M. murinus underwent an ancient massive
decrease of the population size which started even before the LIG period and reached its
minimum after the end of this period (~ 70 kyr BP; Ne ~ 10,000). This bottleneck was
followed by a population expansion that reached its maximum during the LGM (19 - 26.5
kyr BP, Ne ~ 25,000). Afterwards, M. murinus experienced another population decline
that lasted until the middle of the AHP period which was followed by a population
expansion lasting until the late Holocene (~ 3 kyr BP) and an abrupt decline afterwards
(see also Figure S3.6).
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Figure 3.3. Reconstruction of the demographic history of M. murinus and M. ravelobensis using
two complementary methods. A) Demographic history inferred by the PSMC method using
“4+25*2+4+6” free atomic time intervals. The thick lines represent the inferred mean trajectories
for three populations, and each light line represents 100 subsampled bootstrap replicates for each
individual. It should be emphasized that the humps observed in PSMC plots of the two mouse
lemur species during the last 2 – 5 kyr BP seems to be a common artefact (e.g. see 6, 28) and does
not correspond to a real demographic event. Note that the bumps are no longer present when we
consider a different free atomic time interval (see Figure S3.6). B) Demographic history inferred
by the Stairway Plot method based on the entire dataset (M. murinus, Ravelobe = 7; M. murinus,
Ankomakoma = 15; M. ravelobensis, Ravelobe = 30; M. ravelobensis, Ankomakoma = 25). All
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The legend on the top identifies the most important past climatic events: LIG (Last Interglacial),
LGM (Last Glacial Maximum) and AHP (African Humid Period).

Assuming that mouse lemur populations may be rather structured (n-island model)
with a constant population size but allowing for changes in connectivity (see section 3.5.7.
for details about that model), the modelling parameters of the IICR (Inverse Instantaneous
Coalescence Rate) showing the highest congruence to the PSMC dynamics assuming
panmixia (Figure 3.4) were the following: n = 84 islands for M. murinus and n = 61 islands
for M. ravelobensis. Although the congruence between both IICR curves is relatively high
for all dynamics older than 7 kyr BP in both species, our approach was not able to
reconstruct the most recent IICR using population connectivity alone. Only the addition
of one recent population size change (i.e. population expansion) to the previous modelling
parameters satisfactorily improved the fit of the IICR curves for the two species (see
Figure S3.5). The timing of the changes in population connectivity required to maximize
congruence of the IICR curves overlapped only partly for the two mouse lemur species
(see Figure 3.4). For example, whereas connectivity needed to be lower during the LGM
and AHP for M. ravelobensis, connectivity needed to be lower at the LGM but higher
during the AHP for M. murinus. However, both species IICRs required moderate to high
population connectivity during and after the LIG, and moderate connectivity in the recent
past.
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Figure 3.4. PSMC plot estimated from the genomic data and IICR obtained from simulated data
assuming i) an n-island model of migration; ii) a constant population size over the time, iii) the
occurrence of five changes in population connectivity. The top horizontal bar summarizes the
inferred connectivities across time. (A) The population connectivity changes in M. murinus were
set at 129.1 kyr, 42.7 kyr, 30.7 kyr, 13.7 kyr and 5.1 kyr BP. The oldest connectivity change
roughly coincided with the LIG period, while the two most recent changes fall into the onset and
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end of the AHP in Madagascar. (B) The population connectivity changes in M. ravelobensis were
set at 338.9 kyr, 135.6 kyr, 27.1 kyr, 20.1 kyr and 7.9 kyr BP. Whereas the second oldest time of
connectivity change fits roughly with the onset of the LIG, the fourth oldest period fell within the
LGM.

3.2.6. Paleoclimatic reconstructions and identification of climatically stable areas
The bioclimatic variables with a highest percentage of contribution to the M.
ravelobensis MaxEnt model were the minimum temperature of coldest month (34.7%)
and the maximum temperature of the warmest month (27.8%). The latter bioclimatic
variable also strongly influenced the distribution of M. murinus (51.2%) together with
temperature seasonality (39.4%; Table S3.10). These results suggest that temperature has
an important impact on the bioclimatic niche of the two mouse lemur species. For both,
MaxEnt models also exhibited high mean accuracy values for all applied metrics (e.g. see
Table S3.11 and S3.12), indicating a good model performance.
For M. ravelobensis, the model for LIG climate conditions predicted a
discontinuous species distribution across northwestern Madagascar. Unsuitable areas for
species occurrence coincided with the areas of highest elevation (paler areas in Figure
3.5) and included about half of Ankaranfantsika National Park (ANP). Projections for the
LGM suggest a wider and more continuous distribution of M. ravelobensis across the
inland areas, suggesting a possible increase of connectivity among populations during
this period. A regionally contracted and slightly shifted bioclimatic niche of M.
ravelobensis was projected with the current climate model. However, the model predicted
the occurrence of M. ravelobensis in lowlands areas outside the IRS Ia that are currently
inhabited by others mouse lemur species (M. myoxinus, M. bongolavensis, M. danfossi;
16). This discrepancy can be explained by the presence of large rivers that are known to
act as barrier to gene flow and delimit the distribution of mouse lemurs species (16) and
by other ecogeographical variables that may constrain species distributions (20) but were
not available for the analyses. Finally, the stability map identified two potential late
Pleistocene refugia for M. ravelobensis, one rather north of ANP, one rather south of
ANP, suggesting that only some areas within Ankarafantsika NP were stable during the
late Pleistocene.

122

PhD thesis Helena Teixeira, Chapter 3, Manuscript II

Figure 3.5. Ecological niche models for M. ravelobensis under current climate, LGM (approx.
22 kyr BP) and LIG (approx. 130 kyr BP) climate conditions. Habitat suitability increases with
an increasing intensity of blue. Five Inter-River-Systems (IRSs) are indicated in the current
climate map. M. ravelobensis is restricted to IRS Ia in an area delimited by the Betsiboka (West),
Mahajamba (East) and Kamoro (South) rivers. The adjacent IRSs harbor different mouse lemur
species (IRS 0 and IRS Ib represent the northern range limits of M. myoxinus, IRS II contains M.
bongolavensis, IRS III includes the range of M. danfossi). The stability map illustrates areas of
climatic stability that could have acted as Pleistocene refugia.

For M. murinus, the projections to the LIG suggested the existence of a continuous
and large suitable area across northwestern Madagascar, but the existence of unsuitable
highland areas in the south (Figure 3.6). Projections to the LGM show an even expanded
continuous area of high suitability in entire northwestern Madagascar (including all five
IRSs in the region from lowland to highlands) suggesting that the expansion of M.
murinus towards this region became possible at some time between the LIG and the LGM.
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The ENM for M. murinus under current climatic conditions correctly predicts the
occurrence of this species in northwestern Madagascar (IRS 0, Ia and II) with the
exception of IRS III which may never have been colonized due to the isolating effect of
the river Sofia (16). Interestingly, the current bioclimatic niche identifies rather
unfavorable conditions in the southern parts of the ANP. The stability map suggests that
all major IRSs of northwestern Madagascar offered large stable areas of high habitat
suitability (dark blue, Figure 3.6) so that late Pleistocene refugia may not have been
necessary for M. murinus.

Figure 3.6. Ecological niche models for M. murinus under current climate, LGM (approx. 22 kyr
BP) and LIG (approx. 130 kyr BP) climate conditions. Habitat suitability increases with an
increasing intensity of blue. Inter-River-Systems (IRSs) are indicated in the current climate map.
M. murinus is found across the IRSs 0-II but not in IRS III. The stability map illustrates areas of
climate stability that could have acted as Pleistocene refugia.
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3.3. Discussion
3.3.1. Genetic diversity

The genetic summary statistics suggested higher levels of genetic diversity in M.
murinus at both study sites, which may be explained by i) its larger current distribution,
ii) its higher vagility than M. ravelobensis (reviewed in 15) and iii) by sampling bias, and
these explanations are not mutually exclusive.
The species distribution play an important role in determining the levels of genetic
diversity. While species with a narrow range are expected to have smaller effective
population sizes and thereby to experience greater losses of genetic variation through
genetic drift, widespread species have larger and often continuous populations that are
less susceptible to the random loss of genetic variation (29–31). Higher levels of genetic
diversity in M. murinus compared to its sister species M. griseorufus were also reported
in sympatric areas of those two species in southwestern and southern Madagascar using
a multilocus dataset (14). A previous study focused on M. murinus and M. ravelobensis
individuals from ANP showed higher genetic diversity at vomeronasal receptors (a gene
family involved in intraspecific communication and predator detection in mammals) in
M. ravelobensis (32). However, this gene family is known to be prone to gene
duplications in primates and to be strongly impacted by positive selection (reviewed in
33).
Although the absolute dispersal ability of M. ravelobensis is unknown, the
comparison of genetic diversity statistics available for M. murinus and M. ravelobensis
population from northwestern Madagascar suggested that the generalist species may be
able to maintain gene flow at higher rates and longer distances than its congener, inclusive
in discontinuous and disturbed habitats (reviewed in 15), as is the case of our study area.
A higher dispersal capacity of M. murinus could indeed result in higher levels of
connectivity between Ravelobe and Ankomakoma and thereby higher genetic diversity
in both study sites.
In both sampling sites, a rather small number of M. murinus where found along
very few transects. In Ravelobe, in particular, only seven males were captured. The
absence of females and related M. murinus animals in this site is remarkable (see
supplementary material section 3.7.3.) and contradicts what is known from other M.
murinus populations (34–37). The results suggest that the M. murinus sampled in
Ravelobe were not a representative subsample or nucleus of a breeding population (38).
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The genetic diversity statistics estimated for M. murinus and M. ravelobensis at
the genomic level are lower than the ones estimated with microsatellites datasets (see 37,
39–41), but comparable to those reported for other primate species (e.g., Ho = 0.3475 and
0.3148 for Rhinopithecus roxellana populations; 42) considering a RADseq dataset, and
even higher than for other taxa (e.g., 43–45). The observed heterozygosity were slightly
higher than the He, suggesting that both species are still retaining reasonable levels of
genetic diversity despite the high levels of habitat loss and fragmentation in the region.
Non-significant but negative population inbreeding coefficients also suggest that species
are not threatened by inbreeding. These results may indicate that populations are still large
enough to retain moderate levels of genetic diversity (39, 46) or that individuals are able
to dispersal among the two sites and maintain genetic connectivity, as suggested by the
clustering analysis.

3.3.2. Population

structure

The complementary population structure analyses combined with the positive and
significant Mantel test for both species points towards a pattern of isolation-by-distance
in M. murinus and M. ravelobensis. The study sites were part of a mosaic landscape
consisting of dry deciduous forest with interspersed savannah patches. Previous studies
have shown that savannah areas represent a significant barrier to the mouse lemurs
dispersal (18, 41). It is plausible that these areas precluded the straight-lined dispersal of
mouse lemurs between the study sites, and that the observed genetic structure patterns
may also be explained by isolation-by-resistance (47). This mechanism assumes that
individuals dispersal is determined by the landscape features and it was observed in other
lemur species (e.g. Propithecus tattersalli; 48). Although further studies are needed to
test this hypothesis, the results suggest a fine-scale genetic structure that was likely
triggered by both isolation-by-distance and landscape resistance. The existence of finescale genetic structure has been previously reported in M. murinus living in the
continuous Kirindy forest of western Madagascar (37), and in M. ravelobensis
subpopulations sampled in proximity to our study sites (40, 41). In any case, the
geographic distance between Ravelobe and Ankomakoma is larger than the known
dispersal ability of mouse lemurs (up to 1 km for M. murinus; 19). Altogether, our data
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show the existence of connectivity in a fragmented landscape but suggest limited
dispersal among the two sites.

3.3.3. Biogeographic scenario for M. ravelobensis
The historical ENMs for M. ravelobensis suggested a discontinuous species
distribution during the LIG, with some areas within the ANP including the study sites
showing lower suitability, followed by a spatial expansion of areas with high suitability
towards the LGM. These results are rather unexpected, as they suggest that environmental
conditions might have been rather favorable for M. ravelobensis during the LGM. Indeed,
the projection of the precipitation-related bioclimatic variables to the LGM showed that
this period may have been wetter than the LIG or the present days (Figure S3.9),
contradicting the conventional view of a cooler and arid last glacial in the lowland areas
of Madagascar (10, 49). A previous study focus on speleotherms proxies in northwestern
Madagascar (50) also pointed out that the pollen spectrum at 40 kyr BP and at 23 kyr BP
was rather similar to a recent sample, but that climatic conditions may have been slightly
cooler and moister during the late Pleistocene. Additionally, a recent study based on a 4
kyr stalagmite record from northwestern Madagascar propose that cooler conditions in
the northern hemisphere may actually be linked to wetter and not dryer conditions in
northwestern Madagascar, which may be mediated by migrations of the Inter-Tropical
Convergence Zone (ITCZ, 51). If similar relationships already existed during the LGM,
this may explain why areas with favorable environmental conditions in northwestern
Madagascar may have expanded in parallel to the glaciation periods in the northern
hemisphere. Assuming panmixia, the PSMC and the Stairway Plot methods suggested a
population expansion of M. ravelobensis in Ravelobe and Ankomakoma between the LIG
and the LGM, congruent with the paleoclimatic reconstructions and with the new view of
a wetter glacial maximum.
However, if we consider that populations were structured in an n-island model
with a constant population size but with changes in connectivity, the inferred IICR
dynamics may be explained differently, i.e. by moderate to high levels of population
connectivity between the LIG and LGM (~ 135.6 – 27.1 kyr BP; Figure 3.4.B), and by
lower levels of population connectivity during the LGM (~ 27.1 – 20.1 kyr BP). Such
changes in connectivity would be congruent with the main body of paleoenvironmental
studies available from Madagascar, and to the main existing framework for Pleistocene
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Malagasy diversification that assumes that forest cover was strongly shaped by warmer
Interglacials (leading to forest expansion) and by cooler and arid glacials (leading to forest
contraction; 49, 52, 53). These assumptions were based on environmental reconstructions
from one 40-m core of a lake sediment obtained from a crater lake in the central highlands
(Tritrivakely, 53), reaching back 154 kyr. This oldest record available for Madagascar
confirmed that the LIG was characterized by warmer conditions and by a replacement of
the ericaceous bush by a grassland/woodland mosaic (= higher connectivity). Multiple
paleoenvironmental and archaeological records from other parts of the island suggested
that Madagascar experienced substantially drier and cold conditions during the LGM (e.g.
26, 49, 52). The discrepancy between these studies and the one suggesting cooler but
moister environments during the LGM in northwestern Madagascar (50; see previous
paragraph) cannot be solved due to the scarcity of paleoenvironmental records from the
dry deciduous lowland forests in northwestern Madagascar. Further deep-time local
paleoenvironmental reconstructions will be needed from various parts of the island to the
intriguing hypothesis that lowland vs. highland habitats, and northwestern vs. southern or
central habitats may have undergone divergent habitat dynamics during the late
Pleistocene. If the LGM was indeed cooler but wetter in northwestern Madagascar (50),
the Pleistocene dynamics of M. ravelobensis would be better explained by the panmictic
model. But, if assuming that the LGM was cooler and arid across the entire island (49)
the structure model would fit better our findings.
Additionally, assuming panmixia, the PSMC and the Stairway Plot detected a
population bottleneck in M. ravelobensis starting about 10 kyr BP, which falls well into
the AHP. However, these dynamics may also be explained by a lower population
connectivity before and during most part of the AHP in a structured population model. A
paleoenvironmental record from the Anjohibe Cave revealed recently that the climatic
conditions in northwestern Madagascar during the AHP were in agreement with the ones
observed in continental Africa, suggesting that conditions were wetter in the early
Holocene (9.1 – 4.9 kyr BP; AHP) and drier in the late Holocene (after 4.9 kyr BP; 25).
A low habitat connectivity and forest contraction is therefore not very likely during the
AHP. On the other hand, a population decline during this period may be explained by an
increasing and new level of competition with M. murinus that probably colonized
northwestern Madagascar during the late Pleistocene (see next discussion section).
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Compared to the conditions during the LGM, the ENM under current climatic
conditions showed a spatial contraction of the bioclimatic niche of M. ravelobensis away
from higher altitudes (even from southern parts of the ANP), but a general northwards
expansion towards the northern coastal areas in IRS Ia. A signal of this partial contraction
in the area of the ANP could be the accelerating decline of the effective population size
inferred by the Stairway Plot method during the last few thousand years. A
paleoenvironmental study from Anjohibe Cave suggested that the conditions during the
late Holocene were much drier and less variable than before, resulting in the replacement
of the forest by grassland over large areas starting after the AHP (~ 4.8 kyr BP; 25).
Consequently, the degree of forest fragmentation may have increased considerably during
this time, which should also have increased genetic isolation of populations and initiated
population declines. A former demographic study on M. ravelobensis inferred recent
population bottlenecks in various subpopulations across the IRS Ia within the last 0.5 kyr
BP, which were mainly related to recent anthropogenic habitat loss and fragmentation
(39). However, that study was based on a set of microsatellite markers, which are fastevolving molecular markers and therefore provide insights mostly into most recent
demographic events (3). Moreover, the authors considered a generation time of only one
year. Assuming a more realistic generation time of 2.5 years (26, 54), the dating of the
population decline would likely be shifted towards the last two millennia.
3.3.4. Biogeographic scenario for M. murinus
Previous studies suggested that M. murinus may have started to expand its range
towards the north at around 1 Ma (14) and have colonized the northwestern Madagascar
during the late Pleistocene (between 26.5 – 33.5 kyr BP; 18). However, these studies
considered one year as generation time, suggesting that M. murinus could in fact have
colonized northwestern Madagascar earlier, if a more realistic estimate (2.5 years; 26, 54)
would be used. In our study, the ENMs for M. murinus suggested the existence of
favorable bioclimatic conditions in northwestern Madagascar at least back until the LIG,
but that the LGM provided the broadest favorable bioclimatic conditions for this species.
These increasingly favorable bioclimatic conditions that even included large parts of the
highlands during the LGM (Figure 3.6) may have facilitated the spatial expansion of this
species from some southern origins through a founding event towards the northwest. Such
an expansion would be in congruence with our demographic results under panmixia. The
PSMC dynamics and the Stairway Plot suggested that M. murinus underwent a strong
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population bottleneck at around 70 kyr BP and that the Ne increased afterwards reaching
a moderate maximum during the LGM. The colonization of new habitats by few
individuals is accompanied by a substantial loss of genetic variation (= founder effect),
very similar to a typical population bottleneck, but is then typically followed by a rapid
spatial and demographic expansion, because founders colonize new habitats, space, and
possibly occupy new realized ecological niches (55, 56). Therefore, the older bottleneck
at around 70 kyr BP may well reflect the founder event that happened when M. murinus
colonized the IRS Ia and that was probably followed by a spatial and demographic
expansion until the colonization of that IRS was completed, possibly during the LGM.
This scenario would also imply that M. murinus probably did neither possess nor need
Pleistocene refugia in northwestern Madagascar. The PSMC curve and the Stairway plot
also suggest that the population size of M. murinus decreased following the LGM and
also during the subsequent AHP (Figure 3.3) when forests were probably at their
maximum extension due to warmer temperatures and sufficient water supply (24, 57).
Two explanations may justify such a population size decrease of M. murinus under these
conditions. First, higher temperatures and moisture may have decreased habitat suitability
for M. murinus resulting in local population contractions, as this species is known to
prefer dry habitats (17, 58, 59). Second, it has been previously hypothesized that M.
murinus may have a competitive advantage in drier habitats, while M. ravelobensis may
be the superior competitor in more humid habitats at low altitudes (60). Therefore, the
AHP may have shifted the habitats more towards the preferred habitat conditions (=
higher humidity, see above) of M. ravelobensis, which may have led to a competitive
advantage of this species during the AHP. Such temporary shifts in species assemblages
and competitive regimes due to shifted paleoenvironmental conditions have previously
been described for a wide range of organisms, including plants, insects and microbes and
aquatic macroinvertebrates (61–63).
Under the population structure model, the M. murinus IICR can be explained by
high levels of population connectivity between the LIG and towards LGM (~ 129.1 - 42.7
kyr BP), moderate connectivity before, during and after the LGM, and increasing
connectivity starting at the onset of the AHP (~ 13.7 kyr BP), lasting until the major earlymid Holocene drought (~ 5.1 kyr BP, Figure 3.4; 25). During the AHP wetter conditions
may have favored woodland/grassland mosaics expansion resulting in higher connectivity
among mouse lemur populations. The subsequent climatic warming and aridification after
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the end of the AHP could then again have resulted in a contraction of the forest habitats
and consequently a loss of connectivity among the existing M. murinus populations.
However, as this structured model is based on the condition of constant population size,
it has major implications regarding the potential phylogeographic history of this species.
It would imply that M. murinus should have colonized northwestern Madagascar already
earlier than the LIG, because a founder event and subsequent colonization of the IRS Ia
would necessarily include population size changes. Such an early colonization scenario
is not in agreement with a previous modeling approach (18) and requires further attention.
Future island-wide phylogeographic modeling for M. murinus and detailed
paleoenvironmental reconstructions will be needed that include vegetation records in
forested lowland regions at least back to the LGM to solve these open questions.

3.4. Conclusions
Our study shows that climate fluctuations have been major drivers of evolutionary
trajectories in mouse lemurs in northwestern Madagascar and that different species with
different ecological requirements, even if closely related, differ in their responses.
Paleoclimatic reconstructions suggest that the species’ bioclimatic niches varied
substantially across the late Quaternary, and genomic analyses confirmed that major
changes in population size or in population connectivity coincided with important past
climatic events (LIG, LGM and AHP). The integration of the spatial and genomic datasets
also allowed developing realistic alternative biogeographical scenarios for both species.
However, the disentanglement between population size or population connectivity change
requires a much more detailed knowledge about past climatic and vegetation dynamics
than is currently available, in particular, since such reconstructions for northwestern
Madagascar are still scarce (but see 25, 51, 64, 65). One genomic way to overcome this
uncertainty consists in the implementation of model-based approaches such as the
Approximate Bayesian Computation (ABC; 66) or composite-likelihood methods (67) in
future studies to test and compare the likelihood of alternative demographic hypotheses
including population size and/or population connectivity changes (e.g. 68–70).
Altogether, our study show that is essential to consider both panmixia and population
structure perspectives in order to explore all the potential species biogeographic
scenarios. Finally, our study also gives some support to the intriguing hypotheses that the
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late Pleistocene climatic dynamics and vegetation shifts may not have been identical in
all parts of Madagascar and may not have simply mirrored the conditions prevailing on
the northern hemisphere at that time.

3.5. Methods
3.5.1. Study species
The sympatric M. murinus and M. ravelobensis display marked differences in their
distributional patterns, evolutionary histories and ecology. It was estimated that M.
murinus and M. ravelobensis diverged by about 9.60 Ma (71). Although the two species
are living in partial sympatry in northwestern Madagascar, previous studies suggested
that their abundances are dependent on the characteristics of the habitat and correlate
negatively with each other in continuous forests but show no relationship in fragmented
habitats (17, 59, 72). Both species forage solitarily during the night, but form sleeping
groups during the day that vary in composition between the species. M. murinus males
sleep alone and females form groups of related individuals in wooden tree holes, while
M. ravelobensis forms mixed‐sex sleeping groups consisting of matrilinear relatives of
varying degree of relatedness who use diverse substrates as sleeping site (e.g. lianas and
leaves; 73–75). Dispersal in M. murinus is male-biased (37, 76), whereas M. ravelobensis
display only moderate and delayed male-biased dispersal which was suggested to lead to
a higher risk of inbreeding (75).

3.5.2. Study area and sample collection
The Ankaranfantsika National Park (ANP) is located in northwestern Madagascar,
in an area of about 135,000 ha of dry deciduous forest that is delimited by the large
Betsiboka (western limit) and the Mahajamba rivers (eastern limit) (IRS Ia; Figure 3.1;
16, 17). The ANP is one of the largest remaining forest areas in western Madagascar (18),
although it shows some degree of forest fragmentation towards the edges (17, 59). The
locally sympatric M. murinus and M. ravelobensis were sampled in two study sites on the
western part of the ANP, Ravelobe (Rav, -16.302413°N, 46.821346°E) and
Ankomakoma (Ank, -16.342752°N, 46.740293°E, Figure 3.1). The sites are
approximately 10 km apart and characterized by distinct environmental settings.
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Ravelobe (92 meters above sea level, a.s.l.) was situated near Ampijoroa in a humanmodified landscape, next to the National Road RN4 that connects Antananarivo to
Mahajanga, while Ankomakoma (103 m a.s.l.) was part of a mosaic landscape consisting
of dry deciduous forest with interspersed savannah patches.
Fieldwork took place during the dry season of 2017 (April – July). Four 1 km
transects were selected for field work in the two sites, in order to cover all extant forest
parts around the lakes. All transects followed pre-existing dirt roads or foot paths. A total
of 1,200 Sherman Traps (Sherman Traps Inc, Tallahassee, FL, USA) baited with banana
were installed overnight in Ravelobe across 12 nights, and 1,000 traps were installed in
Ankomakoma across 10 nights (see 77 for details). M. murinus and M. ravelobensis were
distinguished in the field based on their head coloration (greyish in M. murinus vs.
brownish in M. ravelobensis; 78) and their distinctive tail length (130.81 ± 6.15 mm in
M. murinus vs. 155.48 ± 7.57 mm in M. ravelobensis; 16). All animals were released at
dusk of the same day at their individual capture position. Small ear biopsies (approx. 2 –
3 mm2) were taken from all captured animals for genomic analyses. Tissue samples were
stored in Queen’s lysis buffer (79) during the field season and subsequently at -20 °C in
the laboratory.

3.5.3. RADseq library & whole-genome sequencing
A total of 24 M. murinus (7 from Ravelobe and 17 from Ankomakoma) and 62 M.
ravelobensis (33 from Ravelobe and 27 from Ankomakoma) individuals were available
for RADseq, based on the spatial distribution and abundance of each mouse lemur species
per transect and sampling site. Total genomic DNA was extracted from the ear biopsies
using the DNeasy Blood & Tissue Kit (Qiagen) following the manufacturer’s protocol
with few modifications (see 46 for details), and the DNA concentration was estimated
with the Qubit® Fluorometer (Life Technologies). DNA samples (~200 ng of DNA) were
then digested with the restriction enzyme SbfI at the GenoToul-GeT-PlaGE Core Facility
(Toulouse, France). RAD Libraries were prepared in sets of 24 samples sorted by original
DNA concentration, where each sample was assigned to one of 48 unique barcode
sequences during adapter ligation. Sub-libraries were randomly sheared using a Covaris
M220 ultrasonicator, resulting in fragments with an average size of 550 bp. Sheared DNA
fragments were ligated to the second adapter and all fragments with both adapters were
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amplified in 10 Polymerase Chain Reaction (PCR) cycles. DNA concentration and
fragment sizes of the amplified libraries were verified using qPCR and Fragment
Analyzer. The sub-libraries were sequenced using 150bp paired-end reads on an Illumina
HiSeq3000 platform at the GenoToul-GeT-PlaGE Core Facility (Toulouse, France).
In addition to the RADseq dataset, one M. murinus (Ankomakoma) and two M.
ravelobensis samples (Ravelobe and Ankomakoma) were selected for whole-genome
sequencing. All samples were females, which are the philopatric sex in both species (35,
75). Given that no female M. murinus were caught at Ravelobe, no whole-genome
sequence was generated at this site for that species. Libraries were prepared at the Institute
for Animal Breeding and Genetics of the University of Veterinary Medicine Hannover
using NEBNext Ultra DNA Library Prep Kit for Illumina (New England BioLabs,
Ipswich, MA, USA). See supplementary information (section 3.7.1 and 3.7.2) for details
about the pipelines used to process the raw RADseq reads and the whole-genome
sequences.

3.5.4. RADseq datasets
Next-Generation Sequencing platforms can generate large amounts of sequencing
data but are prone to sequencing errors (80–82). It is therefore advisable to keep the data
in form of genotype likelihoods during downstream analyses, because the genotype
likelihoods retains information about uncertainty in base calls, which enables to control
some issues commonly associated with RADseq datasets (e.g. unevenness in sequencing
depth and allele dropout; 81–83). Consequently, most of our analyses were carried out on
genotype likelihoods estimated with ANGSD (82), considering the following filters: a
minimum base quality of 20, a minimum mapping quality of 30, minimum Minor Allele
Frequency below 0.5, a minimum depth of coverage of 4X (82–84), and sites present in
at least 75% of the individuals (dataset 1: genotype likelihoods). In addition to the
genotype likelihoods, genotypes were called for each mouse lemur species for
complementary analyses. Genotypes were called with SAMtools v1.8 (85) using the same
quality filters previously used in ANGSD (see above), but considering a minimum depth
of coverage of 10X to ensure high-confidence genotype calls (44; dataset 2: genotype
calls).
Knowing that population genetics analyses can be biased by social structure and
relatedness between individuals (e.g. 86, 87), relatedness analyses were performed to
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limit the analyses to unrelated individuals. The relatedness between two individuals is
usually described by the concept of identity-by-descent (IBD), where two alleles are
considered identical by descent if they recently descended from a common ancestral allele
(83, 88). NGSrelate (83) was used to calculate the IBD coefficients (k0, k1 and k2;
probability of two individuals sharing 0, 1 or 2 alleles from a single ancestor at any locus,
respectively) between pairs of individuals using the dataset 1 (88). First-degree relatives
were then inferred based on the comparison of the obtained IBD coefficients with the
expected IBD probabilities (i.e. Parent-offspring: k0 = 0, k1 = 1 and k2 = 0; Full sibs: k0 =
0.25, k1 = 0.50 and k2 = 0.25; 88). Only one individual of each dyad of closely related
individuals were retained in our dataset for downstream analyses (see supplementary
information section 3.7.3). For details about the set of individuals used in each step of
this study see Table S3.8.

3.5.5. Genetic diversity
Genetic diversity in each study site was estimated based on the percentage of
polymorphic sites, nucleotide diversity averaged over loci (π), unbiased expected
heterozygosity (He; estimated according to 89), observed heterozygosity (Ho) and
inbreeding coefficients (FIS). All genetic summary statistics were calculated with
ARLEQUIN (90) after conversion of the Variant Call Format (VCF) file from dataset 2
into the ARLEQUIN format using PGDSpider (91). In addition, inbreeding coefficients
per individual (F) were estimated to detect deviations from Hardy–Weinberg equilibrium
(HWE; see 92). One M. ravelobensis individual captured at Ravelobe showed a high F
value and it was therefore removed from our dataset (table S3.5).

3.5.6. Population genetic structure & Isolation-by-distance
Population structure patterns were investigated in M. murinus and M. ravelobensis
using three distinct approaches. First, genetic differentiation between both sites was
estimated per species using Wright’s F-statistics FST (93). The analyses were performed
with ARLEQUIN (90) and significance was tested using 10,000 permutations. Second,
signals of population genetic structure were evaluated by Principal Component Analysis
(PCA) computed using PCAngsd (94). The PCA Eigenvalues that explained most of the
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genetic variation between individuals (PC1 and PC2) were extracted and individuals were
plotted using R (R CoreTeam 2014). Third, NGSadmix (81), a maximum-likelihood
clustering method, was used to assign individuals to a specific number of clusters (K)
using dataset 1. For both species, the number of explored clusters ranged between 1 and
3, and a total of 10 independent runs were performed for each value of K. The most
suitable value of K was determined with Clumpak (95), following the Evanno method
(96).
Geographically restricted gene flow results in a significant correlation between
genetic and geographic distance, known as isolation-by-distance (97), where the genetic
dissimilarity increases with the increase of geographical distance (98). The effect of
geographic distance on genomic differentiation over our small geographic scale was
investigated using the individual as the unit of the analyses (46). Genetic dissimilarity
between any two individuals was measured by the Rousset’s genetic distance (â, 99), an
estimator analogous to the FST/(1-FST) ratio using pairs of individuals instead of
populations (100). Geographic distance was measured as the linear geographical distance
in km separating each pair of individuals. Both Rousset’s genetic distance and geographic
distance were computed with SPAGeDi (100). The occurrence of isolation-by-distance
was finally investigated with a Mantel test (101) using the VEGAN library (102) available
in R (R Development Core Team 2005), employing the Pearson method. Significance
was determined via 10,000 permutations.

3.5.7. Demographic analyses
The demographic history of both species was investigated using three
complementary modeling approaches. First, the Stairway Plot (103) and the PSMC (28)
were computed to detect and date changes in effective population size. These two
methods assume that population structure is negligible, i.e., that the genomic data used
for the analyses stem from a panmictic population. However, previous simulations have
shown that the dynamics of the PSMC that estimates the population size history of the
ancestors of a diploid individual (i.e. the IICR, Inverse Instantaneous Coalescence Rate)
under panmixia, may also be seen under vastly different modeling conditions. For
example, under stable population size in a structured population (n-island model) that
undergoes a series of changes in connectivity (104). For this reason, it is highly
136

PhD thesis Helena Teixeira, Chapter 3, Manuscript II

recommended to test the impact of various modeling parameters (e.g., structure,
connectivity) on the estimated IICR in order to evaluate whether the trajectories revealed
by the PSMC (28) may also be the result of potential changes in connectivity in a
structured population (104, 105). This evaluation was also performed in this study (see
below).
Demographic analyses were performed assuming a mutation rate value of 1.2 x
10-8, since this value has been used in mouse lemurs (e.g. 106) or other lemur species
before (e.g. 107). During the last decade, generation time (GT) values ranging from 1 to
4.5 years have been used for mouse lemurs (18, 39, 54, 106). Recently, we compared the
performance of three GT values (1, 2.5 and 4.5 years) for another mouse lemur species
(M. arnholdi) using alternative demographic methods, and determined a GT of 2.5 years
as fitting best to on-site high-resolution paleoenvironmental reconstructions (26).
Consequently, all demographic plots were scaled assuming a GT = 2.5 years.

3.5.7.1. Stairway Plot
The Stairway Plot (103) method uses the Site Frequency Spectrum (SFS; i.e.
distribution of the allele frequencies of a given set of SNPs in a population; 108) from
population genomic sequence data to estimate a series of population mutation rates (θ =
4Neµ) following a multi-epoch demographic model, where epochs coincide with
coalescent events (103). The realSFS tool implemented in ANGSD (82) was used to
estimate a folded one-dimensional SFS for each population based on dataset 1, because
we lack a suitable outgroup to determine the ancestral state of each allele (108). The
folded 1d-SFS of each population was used as input data to generate 199 additional SFS
by bootstrap, following the software guidelines (103). Inferences were then made based
on 200 1d-SFS for each sampling site with Stairway Plot v2.0 (103). Knowing that
changes in Ne through time are dependent on the number of possible coalescent events,
this method is sensitive to the number of individuals and SNPs in the dataset (27).
Therefore, analyses were first performed considering the entire dataset for each
population (N ranging between 7 and 30), and lateron repeated with an equal sample size
(N = 7) for all populations. For this analyses individuals of each population were
randomly selected using R (R Development Core Team 2005).
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3.5.7.2. PSMC analyses & IICR
The PCMC (28) method makes use of the whole genome of a single diploid
individual to estimate the time to the most recent common ancestor of two alleles at a
given locus. The three whole-genome autosomal sequences (one M. murinus and two M.
ravelobensis) generated as part of this study were submitted to PCMC analyses,
considering the following parameters: minimum read depth per site of 3 (-d3), maximum
read depth per site of 100 (-D100), upper limit of the TMRCA and initial θ/ρ value of 5
(-t5 and -r5). The Ne was inferred using 4 + 25*2 + 4 + 6 free atomic time intervals, with
a total of 100 bootstrap replicates (command line: ‐N30 –t5 –r5 –p “4+25*2+4+6” ‐D100
–d3 –q30). The PSMC analyses were repeated considering the same parameters but using
-p “64*1” free atomic time intervals (see Figure S3.6).
We subsequently identified the set of modeling parameters (number of islands,
migration rate, number of connectivity changes) by simulations which generated an IICR
curve in a structured population that corresponded best to the estimated IICR generated
with the PSMC method given a constant population size through time (104, 105).
Simulations were performed for the M. murinus and the M. ravelobensis individuals
sampled in Ankomakoma using the ms software (109) by varying the number of
connectivity changes between three and nine and considering up to 100 Islands. The IICR
was

computed

and

plotted

with

a

python

script

available

at:

https://github.com/willyrv/IICREstimator (105). Resulting IICR graphs were compared
to the PSMC plots. The ms commands used to generate the best-fitting IICR plots can be
found in the supporting information (section 3.7.4)

3.5.8. Ecological Niche Modelling
To gain insight about the historical distribution of M. murinus and M.
ravelobensis, ENMs were computed using the Maximum Entropy algorithm (MaxEnt;
110). This modelling technique requires presence-only data and has been shown to
perform better than other modelling methods for small samples sizes (111, 112). The
geographic windows used for the ENMs analyses included only northwestern Madagascar
but covered the entire area of sympatry among the two mouse lemur species. It has
previously shown that for ecologically plastic species, regional models are more accurate
than global models in defining species environmental predictors and suitable habitat areas
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(20). A total of 203 and 120 geo-referenced occurrence records collected by the authors
or previously published by other studies(17, 39, 59, 113, 114) were assembled for M.
murinus and M. ravelobensis, respectively. To counteract the effects of spatial bias from
non-random sampling and unequal survey effort, the Nearest Neighbor Index (NNI) as
implemented in ArcMap 10.6 (ESRI 2018) was used to reduce spatial clustering (2, 20).
A total of 29 non-clustered occurrence records were randomly selected for M. murinus
(NNI = 1.137, z-score = 1.411, P = 0.158) and 20 for M. ravelobensis (NNI = 0.9893, zscore = -0.0918, P = 0.9268). The mean distances between retained observations were
23.11 and 8.49 km, respectively (Figure S3.7).
A set of 19 bioclimatic variables were downloaded from the CHELSA database
(115) with a resolution of 30 arc seconds (1 km). Pearson correlation indices were
calculated among all pairs of variables using “raster” package implemented in R (116).
Given that some variables were highly correlated (Pearson correlation index > 0.7; Table
S3.9), only seven bioclimatic variables were retained for the subsequent ENM analyses
(117), which included isothermality (bio03), temperature seasonality (bio04), maximum
temperature of warmest month (bio05), minimum temperature of coldest month (bio06),
annual precipitation (bio12), precipitation seasonality (bio15) and precipitation of wettest
quarter (bio16). The same variables have been successfully used for ENM on lemurs (e.g.
114, 118). Additionally, paleoclimate data for the LGM (approx. 22 kyr) and the LIG
(approx. 130 kyr) were obtained from CHELSA (115) and and Worldclim (119)
databases, respectively.
The ENMs under current climate conditions were initially constructed using
ENMtools R package (120). ENM is based on the realized ecological niche concept and
assumes that the environmental niche of a species determines its large-scale distribution
(2). The best model was selected from a set of candidate models with varying model
parameters (randomization multiplier from 0.5 - 4.0 in 0.5 increments and feature class
L, Q, P, H and all combinations) using the fivefold cross-validation approach
implemented in ENMeval R package as selection criteria (121, 122). This method is
particularly suitable for datasets with small numbers of occurrence records (e.g. (118,
121–123). It randomly splits the occurrence data into five equal sized groups (or bins) of
which four were used for model training and the fifth for model testing. After five
consecutive runs using different combinations of bins for training, model performance
was evaluated using the criteria summarized in the Table S3.11 and S3.12. The best ENM
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built and validated under current climate was then projected into paleoclimatic conditions
available for the LGM and the LIG periods. Both datasets used are extrapolations based
on the Community Climate System Model version 4 (CCSM4; 124). Finally, stability
maps were calculated by averaging the suitability scores returned under current climate,
LGM and LIG conditions, with considering values higher than 0.8 as stable climate areas
during the late Pleistocene (125).
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3.7. Supplementary information
3.7.1. Pipeline used to analyze the raw RADseq reads
Raw data was initially demultiplexed using the tool splitbc implemented on the
FASTX-toolkit (http://hannonlab.cshl.edu/fastx_toolkit/), and the quality of the raw data
was

verified

with

FastQC

v0.11.7

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc). Trimmomatic v0.36 (1) was
used to remove Illumina adapters from the reads, remove reads with low quality bases
and to trim the reads to a minimum 4-base sliding window with quality score below 15.
Additionally, reads with less than 60 bp length after the filtering steps were removed from
the analyses. After quality filtering, BWA-MEM (http://bio-bwa.sourceforge.net/) was
used to align the paired-end reads to a high-coverage genome assembly of Microcebus
murinus (genome coverage: 221.6X; GenBank Assembly accession number:
GCA_000165445.3; 2). Finally, the software SAMtools v1.8 (3) was used to remove PCR
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duplicates (i.e. reads that mapped to more than one location in the reference genome) and
to convert the Sequence Alignment Map (SAM) format to the corresponding binary
version (BAM). The resulting BAM files were used as input files for all downstream
genomic analyses.
An average of 8,192,559 ± 4,288,959 (SD; standard deviation) and 11,635,382 ±
11,450,501 Illumina reads per individual were obtained for the 22 M. murinus and 56 M.
ravelobensis, respectively. After applying the quality filters (i.e. removing Illumina
barcodes, discarding low quality reads and trimming), an average of 7,084,098 ±
3,728,286 and 7,794,014 ± 3,338,758 reads per individual were retained for M. murinus
and M. ravelobensis. Of these, an average of 6,660,529 ± 3,521,900 M. murinus reads
and 7,411,684 ± 3,179,920 M. ravelobensis reads per individual were successfully
mapped to the reference genome. After PCR duplicate removal, an average of 5,197,520
± 2,508,055 and 5,818,960 ± 2,293,164 reads per individual were finally retained for the
downstream analyses for M. murinus and M. ravelobensis (Table S3.2 and S3.3).

3.7.2. Pipeline used to analyze the whole-genome sequences
DNA samples (~ 500 ng of DNA) were first sheared with an ultrasonicator (Covaris
M220, Woburn, Massachusetts, USA) and the respective sizes were selected according
to the manufacturer’s recommendations. Whole genome sequencing was performed on
an Illumina NextSeq 500 (Illumina, San Diego, CA, USA) for 300 cycles in paired‐end
mode. Visual quality control of whole-genome sequencing data was performed using
FastQC version 0.11.7 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Reads were trimmed using PRINSEQ version 0.20.4 (4) and mapped to the M. murinus
reference genome (Baylor College of Medicine 2017; genome coverage: 221.6X;
GenBank Assembly accession number: GCA_000165445.3) using BWA version 0.7.17
(5).

3.7.3. Relatedness
The relatedness analyses revealed that two M. murinus individuals sampled in
Ankomakoma, and two M. ravelobensis individuals captured in each sampling site had
first degree relatives (i.e. parent/offspring or full sibling) in our dataset (N = 6; data not
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shown). One of these closely related dyad partners was always removed from the dataset
and no longer considered in the downstream population genomics analyses. Therefore,
the final dataset for the remaining analyses comprised 22 M. murinus (7 from Ravelobe
and 15 from Ankomakoma) and 56 M. ravelobensis (31 from Ravelobe and 25 from
Ankomakoma).

3.7.4. List of the ms commands used for establishing the IICR figures
Command for Figure 3.4A. IICR obtained from simulated data for M. murinus assuming
an n-island model of migration with a constant population size over the time and the
occurrence of five changes in population connectivity.

ms 2 100000 -T -L -I 84 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
00000000000000000000000000000000000000000000000
0 0 0 1.22401 -eN 0 1.0 -eM 3.6948432453522733 4.12863 -eN 3.6948432453522733
1.0 -eM 9.925975968381731 0.928966 -eN 9.925975968381731 1.0 -eM
22.20251298762292 2.53288 -eN 22.20251298762292 1.0 -eM 30.82745066870904
86.0061 -eN 30.82745066870904 1.0 -eM 93.26215128503407 0.281376 -eN
93.26215128503407 1.0
Command for Figure 3.4B. IICR obtained from simulated data for M. ravelobensis
assuming an n-island model of migration with a constant population size over the time
and the occurrence of five changes in population connectivity.

ms 2 100000 -T -L -I 61 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.42452 -eN 0 1.0 -eM 1.90869939707149
0.654211 -eN 1.90869939707149 1.0 -eM 4.8831325593526715 1.97206 -eN
4.8831325593526715 1.0 -eM 6.566522303502324 5.38629 -eN 6.566522303502324
1.0 -eM 32.895633924130486 86.3802 -eN 32.895633924130486 1.0 -eM
82.23483883490435 9.26377 -eN 82.23483883490435 1.0.
Command for Figure S3.5A. IICR obtained from simulated data for M. murinus assuming
an n-island model of migration with four changes in population connectivity and a recent
change in population size.

ms 2 100000 -T -L -I 84 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
00000000000000000000000000000000000000000000000
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0 0 0 1.5 -eN 0 2.4 -eM 3.6948432453522733 4.12863 -eN 3.6948432453522733 1.0 eM
9.925975968381731
0.928966
-eN
9.925975968381731
1.0
-eM
22.20251298762292 2.53288 -eN 22.20251298762292 1.0 -eM 30.82745066870904
86.0061 -eN 30.82745066870904 1.0 -eM 93.26215128503407 0.281376 -eN
93.26215128503407 1.0
Command for Figure S3.5B. IICR obtained from simulated data for M. ravelobensis
assuming an n-island model of migration with four changes in population connectivity
and a recent change in population size.

ms 2 100000 -T -L -I 60 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.42452 -eN 0 2.40 -eM 1.90869939707149
0.654211 -eN 1.90869939707149 1.0 -eM 4.8831325593526715 1.97206 -eN
4.8831325593526715 1.0 -eM 6.566522303502324 5.38629 -eN 6.566522303502324
1.0 -eM 32.895633924130486 86.3802 -eN 32.895633924130486 1.0 -eM
82.23483883490435 9.26377 -eN 82.23483883490435 1.0

3.7.5. Supplementary results

Figure S3.1. Population genomic structure of the two mouse lemur species. (A) Cluster
assignment of 22 M. murinus individuals and (B) Cluster assignment of 56 M. ravelobensis
individuals to three genetic clusters (K = 3) using dataset 1. Each single vertical bar represents an
individual and each color a distinct genetic cluster. Samples are sorted according to sampling site.
Illustrations copyright 2013 Stephen D. Nash / IUCN SSC Primate Specialist Group. Used with
permission.
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Figure S3.2. Number of clusters inferred by NGSadmix. (A) Likelihood results and delta K
estimation suggest that the best K value for M. murinus is K = 3. (B) Likelihood results and delta
K estimation suggest that the best K value for M. ravelobensis is K = 2. Delta K estimation
followed the method of Evanno et al. (2005) over 10 replicate NGSadmix runs for each K value.
Illustrations copyright 2013 Stephen D. Nash / IUCN SSC Primate Specialist Group. Used with
permission.
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Figure S3.3. Principal Component Analyses plots showing genomic structure in A) M. murinus
(N = 22) and in B) M. ravelobensis (N = 56) using the same datasets as for the clustering analyses.
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The axis labels show the variation explained by the first two principal components (PC1 and
PC2). Results suggest genetic structure among the two sampling sites for both species. Although
the PCA analyses revealed one genetically distinct M. murinus individual (M143), this animal
was kept in our analyses because no differences were observed in the clustering analyses (Figure
3.2 and Figure S3.1), the inbreeding coefficient suggested no departure from HWE (Table S3.4),
and the sample showed a good individual mean coverage depth (Table S3.6). In contrast, M.
ravelobensis individual M73 was excluded from our subsequent analyses because it exhibited an
F = -0.476 (Table S3.7), strongly deviating from HWE, which may impact downstream analyses.
Illustrations copyright 2013 Stephen D. Nash / IUCN SSC Primate Specialist Group. Used with
permission.

Figure S3.4. Reconstruction of the demographic history of M. murinus (M.mur) and M.
ravelobensis (M.rav) using the Stairway Plot method, considering the same sample size for all
populations (N = 7). Individuals were selected randomly using R. All analyses were performed
considering 2.5 years as generation time and 1.2 × 10-8 as mutation rate. The grey bars and legend
on the top identify the most important past climatic events: LIG (Last Interglacial), LGM (Last
Glacial Maximum) and AHP (African Humid Period).
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Figure S3.5. PSMC plot (=IICR inferred by PSMC) estimated for the genomic data and the IICR
obtained from simulated data assuming an n-island model of migration with four changes in
population connectivity and a recent change in population size for (A) M. murinus and (B) M.
ravelobensis. The top horizontal bar summarizes the inferred connectivity changes across time.
The inclusion of one recent change in population size increased the fit of the two IICR curves in
each species (compare to Figure 3.4).
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Figure S3.6. Demographic history inferred by the PSMC method using “64*1” free atomic time
intervals. The thick lines represent the inferred mean trajectories for three populations, and each
light line represents one of 100 subsampled bootstrap replicates for each individual. No
differences were observed among PSCM runs with different free atomic time intervals (compare
Fig. 3) suggesting that changes in this parameter do not impact demographic inferences. M. rav
= M. ravelobensis; M. mur = M. murinus; RAV = Ravelobe; ANK = Ankomakoma.
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Figure S3.7. Occurrence records of M. ravelobensis (n = 203) and M. murinus (n = 120)
considered for the present study. Red triangles correspond to the datasets used for ecological niche
modeling after the autocorrelation analyses (Nearest-neighbor-index > 0.7; M. ravelobensis n =
20, M. murinus n = 29).
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Figure S3.8. Spatial representation of the temperature-related bioclimatic variables considered
for the ENMs of the two mouse lemur species. Bioclimatic variables were obtained from
CHELSA (6) and Worldclim (7) databases.
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Figure S3.9. Spatial representation of the precipitation-related bioclimatic variables considered
for the ENMs of the two mouse lemur species. Bioclimatic variables were obtained from
CHELSA (6) and Worldclim (7) databases.
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Table S3.1. Elevation at the beginning and the end of each transect in both study sites and
respective species occurrence. RAV: M. ravelobensis; MUR: M. murinus; a.s.l.: above sea level

Study site

Ravelobe

Ankomakoma

Transect

Species
occurence

T1
T2
T3
T4
T1
T2
T3
T4

RAV
RAV
RAV
RAV; MUR
RAV
RAV; MUR
MUR
RAV

Occurence of RAV Occurence of MUR
(m a.s.l.)
(m a.s.l.)
101 - 159
109 - 114
88 - 90
119 - 140
108 - 129
105 - 132
_
137 - 162

_
_
_
133 - 161
_
112 - 125
106 - 153
_
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Table S3.2. Information regarding the number of raw reads obtained from the Illumina
sequencing (# raw reads), the number of reads that pass the quality filters (# reads after filtering),
the number of reads that were maintained after the read alignment against the reference genome
(# reads after filtering), and the final number of reads that were kept for downstream analyses (#
reads without PCR duplicates) for the 22 unrelated M. murinus samples (7 Ravelobe and 15
Ankomakoma).
Study site

Sample ID # raw reads

# reads after
filtering

# reads after
mapping

# reads without
PCR duplicates

Ravelobe

M53

4706762

4176302

3959272

2959797

Ravelobe

M54

10173474

8439824

7803553

6675179

Ravelobe

M59

6221496

4931036

4662680

3649993

Ravelobe

M91

4131552

3683558

3561718

2752535

Ravelobe

M92

7657852

6839834

6574624

4718290

Ravelobe

M93

4034328

3593830

3473117

2678990

Ravelobe

F94

3529168

2963270

2714048

2323009

Ankomakoma

F104

6523524

5395046

4985213

4283736

Ankomakoma

F106

11899328

10357272

9763181

7355217

Ankomakoma

F107

15803430

13760734

12996027

9619186

Ankomakoma

F108

5012064

4386188

4133430

3332821

Ankomakoma

F118

4193164

3548674

3304485

2955094

Ankomakoma

F145

14674322

12804302

12062027

8950340

Ankomakoma

F148

8909372

7412438

6866175

5909654

Ankomakoma

M109

13931648

12186646

11515574

8578470

Ankomakoma

M110

4345738

3688712

3435409

3069805

Ankomakoma

M112

13315206

11530986

10864451

8104711

Ankomakoma

M115

4131774

3486058

3250098

2910721

Ankomakoma

M116

3600044

3534356

3187171

2862544

Ankomakoma

M143

14745302

12801252

12041723

8932595

Ankomakoma

M147

11613968

10105056

9517477

7209773

Ankomakoma

M153

7082780

6224776

5860194

4512990
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Table S3.3. Information regarding the number of raw reads obtained from the Illumina
sequencing (# raw reads), the number of reads that pass the quality filters (# reads after filtering),
the number of reads that were maintained after the read alignment against the reference genome
(# reads after filtering), and the final number of reads that were kept for downstream analyses (#
reads without PCR duplicates) for the 56 unrelated M. ravelobensis samples (31 Ravelobe and 25
Ankomakoma).

Study site

Sample ID # raw reads

# reads after
filtering

# reads after
mapping

# reads
without PCR
duplicates

Ravelobe

F20

28528772

7113482

6772011

4831626

Ravelobe

F21

21156854

4235984

4049956

3087415

Ravelobe

F22

5558098

4720766

4471175

3947638

Ravelobe

F25

58123672

8501128

8116708

5739055

Ravelobe

F30

8129904

7266498

6926482

4927203

Ravelobe

F41

8838044

7887444

7535708

5354344

Ravelobe

F62

5080140

4156016

3968820

3589260

Ravelobe

F77

5916048

4894924

4694210

2923671

Ravelobe

F80

4570176

4095462

3919926

2900030

Ravelobe

F82

9305280

7881754

7481544

6502397

Ravelobe

F83

7159666

6400234

6132212

4413963

Ravelobe

F87

3324066

2824308

2688945

2481757

Ravelobe

F88

4374028

3650898

3471998

3187091

Ravelobe

M18

8466752

7197946

6803186

5896938

Ravelobe

M19

71414688

8124844

7757127

5481242

Ravelobe

M29

5281620

4406536

4167438

3693149

Ravelobe

M42

4590576

3891020

3680040

3349695

Ravelobe

M48

5729448

4577840

4349856

3454207

Ravelobe

M52

5033296

4056096

3839551

3050626

Ravelobe

M55

6788952

6054820

5784430

4160609

Ravelobe

M56

5811554

5184500

4951429

3567787

Ravelobe

M57

8610870

7348548

6387468

5550607

Ravelobe

M58

8061824

6720560

6367259

5634880

Ravelobe

M60

6448470

5759526

5537053

4008336

Ravelobe

M67

7668306

6525312

6188608

5401009

Ravelobe

M68

6804362

6089804

5856734

4206378

Ravelobe

M73

4747160

3952624

3774305

3417907

Ravelobe

M79

6891944

5861178

5596801

4950520

Ravelobe

M81

8227234

6811972

6481569

5749194

Ravelobe

M90

3760890

3172790

3026282

2793325

Ravelobe

M95

8047384

6742558

6425237

5720089

Ankomakoma

F98

3631366

3102596

2958474

2729584

Ankomakoma

F99

6485154

5663834

5434859

4541666

Ankomakoma

F119

13961756

11407326

10889993

8392315

Ankomakoma

F126

11362500

9940250

9477176

7323835

Ankomakoma

F129

16606000

14596350

13905707

10379141
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Ankomakoma

F132

14491200

12659586

12098730

9206957

Ankomakoma

F157

10015268

8563018

8150602

6580566

Ankomakoma

F165

12379618

10804546

10269556

7871948

Ankomakoma

F166

12478288

10948304

10416323

7951320

Ankomakoma

F169

12572186

11077374

10523370

8098503

Ankomakoma

M101

13423526

11783214

11238384

8587234

Ankomakoma

M102

12391962

10874142

10345348

7919043

Ankomakoma

M120

8788492

7357852

6977728

6167652

Ankomakoma

M121

12935332

11216794

10707218

8238080

Ankomakoma

M127

17003312

14836462

14131162

10487904

Ankomakoma

M130

7593208

6352198

6005767

5314352

Ankomakoma

M135

15682380

13802594

13136834

9819884

Ankomakoma

M138

16178616

14210212

13501541

10100636

Ankomakoma

M140

8369782

7419560

7040799

5478473

Ankomakoma

M141

15740714

13779016

13112996

9814927

Ankomakoma

M154

9530816

8278512

7887631

6407310

Ankomakoma

M158

11404824

10008818

9504542

7290555

Ankomakoma

M159

13226040

11641646

11062503

8412749

Ankomakoma

M161

15064372

13240982

12589968

9469711

Ankomakoma

M163

7814650

6792216

6482997

5305447
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Table S3.4. Individual inbreeding coefficients (F) estimated for the M. murinus dataset (N = 22).
F = 0 reflects random mating (HWE) and F = 1 the absence of heterozygous genotypes or a totally
inbred sample (8). No significant deviations from HWE were found in our dataset and all
individuals were kept for downstream analyses.

Site

Sample ID

Inbreeding coefficient (F)

Ravelobe
Ravelobe
Ravelobe
Ravelobe
Ravelobe
Ravelobe
Ankomakoma
Ankomakoma
Ankomakoma
Ankomakoma
Ankomakoma
Ankomakoma
Ankomakoma
Ankomakoma
Ankomakoma
Ankomakoma
Ankomakoma
Ankomakoma
Ankomakoma
Ankomakoma
Ankomakoma
Ankomakoma

M54
M59
M91
M92
M93
F94
F104
F106
F107
F108
F118
F145
F148
M109
M110
M112
M115
M116
M143
M147
M153
M53

-0.070
-0.021
-0.006
-0.012
0.020
-0.004
0.007
-0.027
-0.003
0.035
-0.006
-0.008
-0.019
0.026
0.020
0.007
0.035
0.044
0.249
0.030
0.018
0.021
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Table S3.5. Individual inbreeding coefficients (F) estimated for the M. ravelobensis dataset (N =
56). F = 0 reflects random mating (HWE) and F = 1 the absence of heterozygous genotypes or a
totally inbred sample (8). One individual (M73) showed a high F value, suggesting a deviation
from HWE and it was therefore removed from our dataset.
Site

Sample ID Inbreeding coefficient (F)

Ravelobe

F20

0.071

Ravelobe

F21

0.014

Ravelobe

F22

0.007

Ravelobe

F25

0.084

Ravelobe

F30

0.090

Ravelobe

F41

0.097

Ravelobe

F62

-0.002

Ravelobe

F77

0.087

Ravelobe

F80

0.033

Ravelobe

F82

0.031

Ravelobe

F83

0.088

Ravelobe

F87

0.046

Ravelobe

F88

0.091

Ravelobe

M18

0.091

Ravelobe

M19

0.089

Ravelobe

M29

0.073

Ravelobe

M42

0.011

Ravelobe

M48

0.045

Ravelobe

M52

0.038

Ravelobe

M55

0.075

Ravelobe

M56

0.090

Ravelobe

M57

0.078

Ravelobe

M58

-0.003

Ravelobe

M60

0.022

Ravelobe

M67

0.033

Ravelobe

M68

0.014

Ravelobe

M73

-0.476

Ravelobe

M79

0.069

Ravelobe

M81

0.041

Ravelobe

M90

0.048

Ravelobe

M95

0.069

Ankomakoma

F119

-0.007

Ankomakoma

F126

0.004

Ankomakoma

F129

0.036

Ankomakoma

F132

0.046

Ankomakoma

F157

0.023

Ankomakoma

F165

0.064

Ankomakoma

F166

0.052

Ankomakoma

F169

0.033

Ankomakoma

F98

0.066
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Ankomakoma

F99

0.063

Ankomakoma

M101

0.039

Ankomakoma

M102

0.001

Ankomakoma

M120

0.045

Ankomakoma

M121

0.008

Ankomakoma

M127

0.032

Ankomakoma

M130

0.025

Ankomakoma

M135

0.040

Ankomakoma

M138

-0.152

Ankomakoma

M140

0.006

Ankomakoma

M141

0.069

Ankomakoma

M154

0.017

Ankomakoma

M158

0.045

Ankomakoma

M159

0.022

Ankomakoma

M161

0.074

Ankomakoma

M163

0.029

Table S3.6. Mean depth for the M. murinus individuals used for the genomic analyses (N = 22).
The mean depth per individual ranged between 13.82 and 42.18. N sites = number of sites per
individual used to estimate the mean depth per individual with VCFtools.
Study site

Sample ID

N sites

mean depth

Ravelobe

M53

105233

15.23

Ravelobe

M54

121972

29.72

Ravelobe

M59

116579

17.76

Ravelobe

M91

101100

14.96

Ravelobe

M92

121084

22.52

Ravelobe

M93

95655

14.72

Ravelobe

F94

59066

13.82

Ankomakoma

F104

119616

19.40

Ankomakoma

F106

122023

32.01

Ankomakoma

F107

122037

42.18

Ankomakoma

F108

111094

15.96

Ankomakoma

F118

103530

14.97

Ankomakoma

F145

122037

38.78

Ankomakoma

F148

121883

26.38

Ankomakoma

M109

122016

38.23

Ankomakoma

M110

107273

15.45

Ankomakoma

M112

122043

36.63

Ankomakoma

M115

104094

15.06

Ankomakoma

M116

97809

14.59

Ankomakoma

M143

121947

40.34

Ankomakoma

M147

122006

32.40

Ankomakoma

M153

120117

20.87
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Table S3.7. Mean depth for the M. ravelobensis individuals used for the genomic analyses (N =
55). The mean depth per individual ranged between 13.96 and 47.88. N sites = number of sites
per individual used to estimate the mean depth per individual with VCFtools.

Study site

Sample ID

N sites

Mean depth

Ravelobe

F20

241353

22.92

Ravelobe

F21

220745

15.60

Ravelobe

F22

236833

18.26

Ravelobe

F25

241846

27.66

Ravelobe

F30

241451

23.63

Ravelobe

F41

241856

25.41

Ravelobe

F62

217447

19.74

Ravelobe

F77

211980

15.32

Ravelobe

F80

211035

15.38

Ravelobe

F82

242039

30.03

Ravelobe

F83

240608

21.48

Ravelobe

F87

158148

13.96

Ravelobe

F88

221094

15.63

Ravelobe

M18

241860

26.96

Ravelobe

M19

241945

26.68

Ravelobe

M29

234896

17.71

Ravelobe

M42

226819

16.36

Ravelobe

M48

232774

17.22

Ravelobe

M52

218556

15.46

Ravelobe

M55

239865

20.24

Ravelobe

M56

234718

17.44

Ravelobe

M57

241744

25.52

Ravelobe

M58

241827

25.96

Ravelobe

M60

239142

20.20

Ravelobe

M67

241688

25.04

Ravelobe

M68

239012

21.49

Ravelobe

M79

241424

23.45

Ravelobe

M81

241879

27.19

Ravelobe

M90

206033

14.55

Ravelobe

M95

241845

26.99

Ankomakoma

F119

242087

38.59

Ankomakoma

F126

242083

33.95

Ankomakoma

F129

242072

46.77

Ankomakoma

F132

242080

42.47

Ankomakoma

F157

242026

30.80

Ankomakoma

F165

242080

35.65

Ankomakoma

F166

242057

35.96

Ankomakoma

F169

242069

36.66

Ankomakoma

F98

194516

14.29
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Ankomakoma

F99

240296

21.32

Ankomakoma

M101

242113

40.43

Ankomakoma

M102

242079

37.27

Ankomakoma

M120

241952

28.99

Ankomakoma

M121

242081

38.56

Ankomakoma

M127

242108

47.88

Ankomakoma

M130

241596

24.97

Ankomakoma

M135

242100

44.92

Ankomakoma

M138

242079

45.60

Ankomakoma

M140

241188

25.73

Ankomakoma

M141

242060

44.51

Ankomakoma

M154

242007

30.78

Ankomakoma

M158

242037

33.51

Ankomakoma

M159

242063

39.08

Ankomakoma

M161

242063

43.70

Ankomakoma

M163

241718

25.66
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Table S3.8. List of individuals used for the different genomic analyses for each species and respective sampling locations. All individuals (without close
relatives) were considered for the clustering (NGSadmix and PCA) and inbreeding analyses. The individual M73 from M. ravelobensis (Ravelobe) was not
considered in the downstream analyses because it showed departure from HWE. Stairway Plot analyses were performed using the entire datasets and with a
subset of the dataset (N = 7) to control for differences in population size. Finally, the PSMC analyses were performed considering one M. murinus sampled in
Ankomakoma and one M. ravelobensis sampled in each study site.

Species

Site

Sample
ID

Latitude
(°N)

Longitude
(°E)

Sex

NGSadmix/
PCA

Stairway Plot
all

Stairway Plot
(N = 7)

M. murinus

Ankomakoma

F104

-16.344838

46.738467

F

X

X

X

M. murinus

Ankomakoma

F106

-16.346087

46.739956

F

X

X

M. murinus

Ankomakoma

F107

-16.346319

46.74069

F

X

X

M. murinus

Ankomakoma

F108

-16.343119

46.741413

F

X

X

M. murinus

Ankomakoma

F118

-16.346289

46.740222

F

X

X

M. murinus

Ankomakoma

F145

-16.346855

46.744649

F

X

X

M. murinus

Ankomakoma

F148

-16.345054

46.7429

F

X

X

M. murinus

Ankomakoma

M109

-16.34321

46.741629

M

X

X

M. murinus

Ankomakoma

M110

-16.343939

46.742323

M

X

X

M. murinus

Ankomakoma

M112

-16.346244

46.744077

M

X

X

M. murinus

Ankomakoma

M115

-16.346319

46.74069

M

X

X

M. murinus

Ankomakoma

M116

-16.346319

46.74069

M

X

X

M. murinus

Ankomakoma

M143

-16.346839

46.745813

M

X

X

M. murinus

Ankomakoma

M147

-16.345566

46.743299

M

X

X

X

M. murinus

Ankomakoma

M153

-16.343819

46.742186

M

X

X

X

M. murinus

Ravelobe

M53

-16.306787

46.826026

M

X

X

X

M. murinus

Ravelobe

M54

-16.307775

46.825124

M

X

X

X

M. murinus

Ravelobe

M59

-16.307775

46.825124

M

X

X

X

M. murinus

Ravelobe

M91

-16.309582

46.823081

M

X

X

X

PSMC

X

X
X
X

X
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M. murinus

Ravelobe

M92

-16.308552

46.82424

M

X

X

X

M. murinus

Ravelobe

M. murinus

Ravelobe

M93

-16.30813

46.824643

M

X

X

X

F94

-16.306257

46.82613

F

X

X

X

M. ravelobensis Ankomakoma

F119

-16.345218

46.738692

F

X

X

X

M. ravelobensis Ankomakoma

F126

-16.34814

46.732226

F

X

X

M. ravelobensis Ankomakoma

F129

-16.348432

46.733121

F

X

X

M. ravelobensis Ankomakoma

F132

-16.348398

46.733852

F

X

X

M. ravelobensis Ankomakoma

F157

-16.348665

46.734507

F

X

X

M. ravelobensis Ankomakoma

F165

-16.333502

46.735526

F

X

X

M. ravelobensis Ankomakoma

F166

-16.332714

46.735417

F

X

X

M. ravelobensis Ankomakoma

F169

-16.330171

46.73505

F

X

X

M. ravelobensis Ankomakoma

F98

-16.333198

46.735454

F

X

X

M. ravelobensis Ankomakoma

F99

-16.329861

46.735221

M

X

X

X

M. ravelobensis Ankomakoma

M101

-16.343743

46.737262

M

X

X

X

M. ravelobensis Ankomakoma

M102

-16.344501

46.738275

M

X

X

M. ravelobensis Ankomakoma

M120

-16.344292

46.737947

M

X

X

X

M. ravelobensis Ankomakoma

M121

-16.343307

46.736867

M

X

X

X

M. ravelobensis Ankomakoma

M127

-16.348243

46.732361

M

X

X

M. ravelobensis Ankomakoma

M130

-16.348552

46.733402

M

X

X

M. ravelobensis Ankomakoma

M135

-16.335652

46.737288

M

X

X

M. ravelobensis Ankomakoma

M138

-16.331646

46.735075

M

X

X

M. ravelobensis Ankomakoma

M140

-16.332035

46.735127

M

X

X

M. ravelobensis Ankomakoma

M141

-16.329984

46.735127

M

X

X

M. ravelobensis Ankomakoma

M154

-16.34896

46.735655

M

X

X

M. ravelobensis Ankomakoma

M158

-16.347931

46.731252

M

X

X

M. ravelobensis Ankomakoma

M159

-16.347938

46.73081

M

X

X

M. ravelobensis Ankomakoma

M161

-16.347608

46.729031

M

X

X

M. ravelobensis Ankomakoma

M163

-16.335266

46.736924

M

X

X

X

X

X
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M. ravelobensis

Ravelobe

M18

-16.308878

46.80416

M

X

X

X

M. ravelobensis

Ravelobe

M19

-16.307487

46.806598

M

X

X

X

M. ravelobensis

Ravelobe

M29

-16.302069

46.81621

M

X

X

M. ravelobensis

Ravelobe

M42

-16.308663

46.819754

M

X

X

M. ravelobensis

Ravelobe

M48

-16.3146

46.822572

M

X

X

M. ravelobensis

Ravelobe

M52

-16.309204

46.823946

M

X

X

M. ravelobensis

Ravelobe

M55

-16.306982

46.807239

M

X

X

M. ravelobensis

Ravelobe

M56

-16.307058

46.809144

M

X

X

M. ravelobensis

Ravelobe

M57

-16.312068

46.82317

M

X

X

M. ravelobensis

Ravelobe

M58

-16.308708

46.824182

M

X

X

M. ravelobensis

Ravelobe

M60

-16.308898

46.824186

M

X

X

M. ravelobensis

Ravelobe

M67

-16.300921

46.821531

M

X

X

M. ravelobensis

Ravelobe

M68

-16.301686

46.820723

M

X

X

M. ravelobensis

Ravelobe

M73

-16.315202

46.822935

M

X

M. ravelobensis

Ravelobe

M79

-16.312672

46.821591

M

X

X

M. ravelobensis

Ravelobe

M81

-16.312081

46.821911

M

X

X

M. ravelobensis

Ravelobe

M90

-16.31107

46.82303

M

X

X

M. ravelobensis

Ravelobe

M95

-16.308149

46.805682

M

X

X

M. ravelobensis

Ravelobe

F20

-16.300819

46.821725

F

X

X

M. ravelobensis

Ravelobe

F21

-16.30211

46.819893

F

X

X

M. ravelobensis

Ravelobe

F22

-16.301641

46.819766

F

X

X

M. ravelobensis

Ravelobe

F25

-16.301265

46.81883

F

X

X

M. ravelobensis

Ravelobe

F30

-16.302452

46.815375

F

X

X

X

M. ravelobensis

Ravelobe

F41

-16.314803

46.822804

F

X

X

X

M. ravelobensis

Ravelobe

F62

-16.30906

46.824098

F

X

X

M. ravelobensis

Ravelobe

F77

-16.31355

46.8218

F

X

X

M. ravelobensis

Ravelobe

F80

-16.311509

46.821839

F

X

X

M. ravelobensis

Ravelobe

F82

-16.31022

46.821199

F

X

X

X

X

X
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M. ravelobensis

Ravelobe

F83

-16.308954

46.820228

F

X

X

M. ravelobensis

Ravelobe

F87

-16.307968

46.819708

F

X

X

M. ravelobensis

Ravelobe

F88

-16.311903

46.823296

F

X

X

X
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Table S3.9. Correlation matrix between the 19 bioclimatic variables obtained from the CHELSA database (6). The seven bioclimatic variables used for the
Ecological Niche Modelling (ENM) of the mouse lemurs were selected based on the Pearson correlation coefficient (r < 0.70) and are given in bold. Bio01 =
Annual Mean Temperature; Bio02 = Mean Diurnal Range (Mean of monthly (max temp - min temp)); Bio03 = Isothermality (Bio02/ Bio07)(×100); Bio04 =
temperature seasonality (standard deviation ×100); Bio05 = maximum temperature of warmest month; Bio06 = minimum temperature of coldest month; Bio07
= temperature annual range (Bio05 - Bio06); Bio08 = mean temperature of wettest quarter; Bio09 = mean temperature of driest quarter; Bio10 = mean
temperature of warmest quarter; Bio11 = mean temperature of coldest quarter; Bio12 = annual precipitation; Bio13 = precipitation of wettest month; Bio14 =
precipitation of driest month; Bio15 = precipitation seasonality (coefficient of variation); Bio16 = precipitation of wettest quarter; Bio17 = precipitation of driest
quarter; Bio18 = precipitation of warmest quarter; Bio19 = precipitation of coldest quarter.
Bio01

1

Bio02

-0.084

1

Bio03

0.133

0.687

1

Bio04

-0.515

0.228

-0.454

1

Bio05

0.909

0.312

0.312

-0.305

1

Bio06

0.891

-0.505

-0.100

-0.645

0.632

1

Bio07

-0.176

0.954

0.447

0.493

0.242

-0.600

1

Bio08

0.966

-0.113

-0.046

-0.293

0.892

0.841

-0.132

1

Bio09

0.957

-0.273

0.060

-0.632

0.788

0.955

-0.383

0.900

1

Bio10

0.980

-0.097

0.004

-0.350

0.907

0.856

-0.135

0.996

0.920

1

Bio11

0.980

-0.176

0.174

-0.668

0.837

0.936

-0.308

0.906

0.979

0.930

1

Bio12

-0.175

-0.582

-0.335

-0.296

-0.390

0.160

-0.603

-0.237

0.048

-0.214

-0.052

1

Bio13

0.093

-0.166

0.302

-0.714

-0.031

0.260

-0.357

-0.102

0.249

-0.038

0.245

0.718

1

Bio14

-0.254

-0.724

-0.731

0.131

-0.479

0.085

-0.602

-0.179

-0.057

-0.201

-0.205

0.798

0.183

1

Bio15

0.378

0.662

0.653

-0.306

0.560

0.057

0.506

0.264

0.204

0.293

0.349

-0.644

0.012

-0.913

1

Bio16

0.029

-0.230

0.230

-0.671

-0.110

0.233

-0.405

-0.156

0.199

-0.094

0.184

0.678

0.988

0.262

-0.077

1

Bio17

-0.261

-0.727

-0.727

0.130

-0.488

0.082

-0.605

-0.187

-0.064

-0.210

-0.210

0.799

0.186

0.998

-0.917

0.265

1

Bio18

-0.562

-0.509

-0.500

0.194

-0.706

-0.247

-0.420

-0.528

-0.398

-0.543

-0.497

0.762

0.285

0.792

-0.748

0.380

0.799

1

Bio19

-0.199

-0.713

-0.730

0.100

-0.422

0.127

-0.595

-0.129

-0.007

-0.150

-0.152

0.800

0.196

0.985

-0.881

0.270

0.981

0.766

1

Bio01

Bio02

Bio03

Bio04

Bio05

Bio06

Bio07

Bio08

Bio09

Bio10

Bio11

Bio12

Bio13

Bio14

Bio15

Bio16

Bio17

Bio18

Bio19
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Table S3.10. Relative variable contributions of the seven environmental variables used in the present study
to the MaxEnt model. Bio03 = isothermality (Bio2/Bio7)(×100); Bio04 = temperature seasonality (standard
deviation ×100); Bio05 = maximum temperature of warmest month; Bio06 = minimum temperature of
coldest month; Bio12 = annual precipitation; Bio13 = precipitation of wettest month; Bio15 = precipitation
seasonality (coefficient of variation); Bio16 = precipitation of wettest quarter.
M. ravelobensis

M. murinus

Variable

Contribution
[%]

Permutation
importance

Variable

Contribution
[%]

Permutation
importance

Bio06

34.7

38

Bio05

51.2

4.9

Bio05

27.8

29.2

Bio04

39.4

0

Bio03

23.7

16.4

Bio06

3.6

16.9

Bio15

13.5

11

Bio12

2.3

24.2

Bio12

0.3

5.4

Bio16

1.5

6.8

Bio04

0

0

Bio15

1.3

37.5

Bio16

0

0

Bio03

0.7

9.7

Table S3.11. Model evaluation based on fivefold cross-validation for M. ravelobensis. P-value for orMTP
based on one-sided binomial test. AUC = Area under receiver operating curve; orMTP omission rate under
minimum training presence; ECE = expected calibration error; MCE = maximum calibration error; CBI =
continuous Boyce index.
AUC
Fold 1
Fold 2
Fold 3
Fold 4
Fold 5
Mean

0.851
0.935
0.966
0.912
0.898

0.912

orMTP (P-value)
0.000 (< 0.000)
0.000 (< 0.000)
0.200 (< 0.000)
0.200 (< 0.000)
0.000 (< 0.000)
0.080 (< 0.000)

ECE
0.862
0.822
0.811
0.841
0.841

0.835

MCE
0.100
0.100
0.100
0.100
0.100
0.100

CBI
0.956
0.786
0.745
0.736
0.888

0.822

Table S3.12. Model evaluation based on fivefold cross-validation for M. murinus. P-value for orMTP based
on one-sided binomial test. AUC = Area under receiver operating curve; orMTP omission rate under
minimum training presence; ECE = expected calibration error; MCE = maximum calibration error; CBI =
continuous Boyce index.

Fold 1
Fold 2
Fold 3
Fold 4
Fold 5
Mean

AUC
0.901
0.919
0.901
0.948
0.917
0.917

orMTP (P-value)
0.250 (<0.000)
0.125 (<0.000)
0.000 (<0.000)
0.000 (<0.000)
0.000 (<0.000)
0.075 (<0.000)

ECE
0.903
0.891
0.899
0.876
0.893
0.892

MCE
0.100
0.100
0.100
0.100
0.100
0.100

CBI
0.684
0.837
0.899
0.800
0.899
0.824
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Chapter 4 – General discussion
The overarching aim of this thesis was to investigate the impact of late Quaternary
environmental changes on the demographic dynamics of three mouse lemur species (M. arnholdi,
M. murinus, M. ravelobensis) that have different distributions (large vs. small) and are adapted to
different habitat types (humid montane rainforest vs. lowland dry deciduous forest, chapter 2 and
3). Previous demographic studies in lemurs focused on single species or on species occurring in
similar ecological niches. Furthermore, in most studies, only a reduced number of molecular
markers (but see 1) and a single demographic method (but see 2) were used. Moreover, with the
exception of two studies (2, 3), the effect of population structure on demographic inferences has
been largely ignored and results were often interpreted exclusively as changes in population size
(e.g., 4, 5). Finally, previous studies that were interested in late Quaternary changes on Madagascar
were either based on genetic/genomic datasets or on paleoecological datasets but never integrated
these different sets of data in single studies. To overcome these limitations, several complementary
demographic approaches were used in this thesis to explore both potential past population size and
connectivity changes, and interpretations were made in combination with new paleoclimate
reconstructions (paleoenvironmental records in chapter 2 and historical ENMs in chapter 3).
The present chapter will discuss the main results of the two underlying studies conducted
in very different biomes, and it is structured into four sections. The first part integrates the main
demographic findings for M. arnholdi, M. murinus and M. ravelobensis into a more comprehensive
picture about the impact of the historical climatic cycles across different biomes in Madagascar.
The second part will evaluate the usefulness and difficulties of employing alternative demographic
methods like the ones considered in this study and will discuss the benefits of using in-situ
paleoclimatic reconstructions to validate alternative evolutionary hypotheses. The third part will
derive the main conservation implications of this study for mouse lemurs in view of ongoing
present climatic change. Finally, the last part offers an outlook on future lines of research.
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4.1. Towards a better understanding of the evolutionary trajectories of mouse lemurs
There is a general consensus that the climate during glacial periods was globally colder than
today, even if the magnitude of the cooling was not spatially uniform across the globe (6–8).
However, there is less general agreement with regard to the effects of glaciation periods on
humidity and precipitation across different tropical regions (6, 9). For Madagascar, it has long been
assumed that the climate was generally colder and more arid during glacial periods, and that the
extent of the forest cover dramatically contracted during these times (10–13). As outlined in the
first chapter, two of the mechanisms proposed to explain the patterns of diversification of the
Malagasy biota, the “refugia” and “watershed” hypotheses postulated that high levels of
specialization were somehow the result of forest contractions and savannah expansions during
glacial cycles (13–15). However, only few paleoenvironmental records in Madagascar extend back
long enough to provide exact information about such Pleistocene dynamics. With the exception of
one sediment core obtained from the central highlands (Lake Tritrivakely, reviewed in the first
chapter; 11, 12), extending even back to the last Interglacial, little is known about the climatic
conditions during the glacial periods in other Malagasy regions (but see 16), and solid evidence for
a contraction of the lowland forests during glacial periods is still missing.

4.1.1. Paleoenvironmental dynamics across northwestern and northern Madagascar
The paleoenvironmental data generated as part of the multidisciplinary study presented in
the chapter 2 provided a comprehensive view of the past environmental changes in northern
Madagascar during the past 25 kyr. The reconstructions showed that forest had always been present
in Montagne d’Ambre, although characterized by different tree assemblages. During the last glacial
maximum, the landscape was partly dominated by montane vegetation, a type of vegetation
currently only found at higher altitudes (> 1,800 m asl), suggesting drier and cooler conditions than
today on the mountain. The LGM-environmental dynamics reported for Montagne d’Ambre were
congruent to the ones described for the central highlands (11, 12). However, the third chapter
suggests a more complex paleoecological scenario for the lowland forests of northwestern
Madagascar. Although vegetation reconstructions were not available for the late Quaternary at the
beginning of this project (but see 17), the projection of the bioclimatic data (i.e. temperature- and
precipitation-related variables) for the LIG, LGM and current climatic conditions revealed that the
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last glacial was cooler than during the interglacial or at present, but suggested higher levels of
humidity during the LGM and the present days in comparison with the LIG (18). These results
were unexpected, but an early paleoenvironmental record derived from speleotherms in the
Anjohibe cave for the LGM suggested that the conditions on the savanna habitats surrounding the
cave may have been slightly cooler but moister than today (16). However, this finding did not
receive much scientific attention, and the same author adopted the conventional view of a drier and
cooler LGM in the Malagasy lowlands lateron (see 19). The same early study also reported the
existence of wooded grassland with satra palms, a type of vegetation characteristic of the
northwestern lowlands during present days, 40 and 23 kyr BP in the vicinity of the Anjohibe cave
(16). This observation raises the hypothesis that vegetation may have not significantly changed
during the past 40 kyr in the northwest of Madagascar. If lowland forest habitats may not have
contracted during glaciation and expanded during interglacials as previously hypothesized, the
species diversification in the lowland regions cannot thereby be explained by the “refugia” and
“watershed” mechanisms, since they suggested climate change as the primary trigger for species
diversification and specialization (13–15). Further studies are therefore needed to clarify the
environmental dynamics in northwestern Madagascar during the last glacial.
The paleoenvironmental reconstructions for Montagne d’Ambre (chapter 2) revealed an
increase of moisture and temperature at the onset of the AHP, that resulted in a progressively
replacement of the montane forest vegetation by evergreen humid forest. High levels of moisture
were also reported for the central highlands (11, 12) and for the northwestern lowlands (20) during
the AHP, suggesting a synchronous environmental pattern across Madagascar. However, marked
climatic differences were observed between the central highlands and other Malagasy regions after
the termination of the AHP. While the climate in northern montane rainforest (chapter 2),
northwestern lowlands (20) and southwestern lowlands (21) was characterized by a moisture
decline, the central highlands experienced an opposite trend toward more humid conditions (11,
12). The evergreen humid forest in Montagne d’Ambre resisted the mid-Holocene drought and
dominates the landscape until present days, but the forest vegetation in the surrounding lowlands
contracted and shifted to an open grassland ecosystem during the last millennium (chapter 2). This
vegetation shift was followed by an increase of fire frequency in the region, suggesting an increase
of human activities. Multiple paleoenvironmental proxies from northwestern Madagascar also
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suggested a vegetation shift towards a grass-dominated landscape coinciding with human
introduction of swidden agriculture (20, 22) and with livestock proliferation (23).
Altogether, the available paleoenvironmental data following the last glacial suggests
contrasting bioclimatic trends across Madagascar for the same period of time. The last glacial in
northwestern Madagascar may have been different from the ones observed in northern montane
rainforest sites (chapter 2) and in central highlands (11, 12), and regional differences regarding the
termination of the AHP were also observed (chapter 2; 11, 12, 20, 22). These findings suggest that
the effects of the past climatic events may have been different across the island.
Paleoenvironmental proxies (e.g. pollen, charcoal, stalagmite records) from different bioclimatic
regions are then crucial to expand our knowledge about the past environmental conditions across
the entire Madagascar and to complete this complex puzzle.

4.1.2. Comparison of mouse lemur demographic dynamics
The demographic history of M. arnholdi could be entirely explained by a succession of
population contractions and expansions that were triggered by the major Quaternary environmental
changes and human activities in the recent past (chapter 2, Figure 4.1 upper panel). An alternative
scenario assuming structured populations under constant population size but changes in
connectivity was rejected for this species because suggested high population connectivity during
the LGM and a reduced connectivity through the AHP that were not congruent with the
environmental reconstructions. The existence of continuous forest in the northern mountain across
the last 25 kyr likely facilitated the movement of individuals across sub-populations and the
maintenance of the high levels of habitat connectivity. However, the extend of the forest may have
changed through time and the rainforest may have expanded into the surrounding lowlands during
humid climatic periods (24), possibly during the AHP. This hypothesis is supported by i) the
occurrence of M. arnholdi in isolated humid habitat patches southwest and southeast of Montagne
d’Ambre (24, 25); and ii) by the discover of subfossils of lemurs currently restricted to humid
forests of eastern Madagascar (i.e. Propithecus diadema, Indri indri and Hapalemur simus; 26–28)
in the dry forests of Ankarana, northern Madagascar. Besides the M. arnholdi, the M. tavaratra is
also distributed across the northern forests of Madagascar but while the former species is restricted
to humid forest habitats, the later exhibits a larger distribution across the dry deciduous and
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transition forests (24). It is plausible that during the African Humid Period the M. arnholdi had a
larger and continuous distribution, as a result of the expansion of the rainforest into the lowlands
areas. However, with the return to the arid conditions after the termination of AHP, the contraction
of the rainforest might have resulted in the current scattered distribution of M. arnholdi and in a
population decline, as suggested by the different demographic methods (chapter 2). In contrast, the
congener M. tavaratra may have enlarged their distribution with the expanding of the dry habitats
(24). It can therefore be assumed that the Montagne d’Ambre massif provided a refugium for
rainforest-dependent species during the last glacial maximum and possibly previous glacial cycles
(see 15), and acted as a source for spatial and demographic expansions of forest-dwelling species
during periods of subsequent forest expansion, as indicated by the data shown for M. arnholdi.
These results therefore also lend support to the postulated “refugia” hypothesis as a mechanism of
species diversification in the montane regions across Madagascar, although speciation may only
be expected if the isolation within different refugia lasted long enough to allow the evolution of
separate lineages (14).
In contrast to the genomic results in M. arnholdi, it was not possible to unambiguously
decide between a change in population size or in population connectivity under a structured
population model for M. murinus and M. ravelobensis (chapter 3) given the mentioned
uncertainties in the historic forest dynamics and dimensions (see section 4.1.1). If the climate was
wetter during the LGM and forests were indeed rather unchanged (16), the demographic dynamics
of both M. ravelobensis and M. murinus during the LGM were better explained by a succession of
population size changes (i.e. IICR inferred by PSMC; Figure 4.1 lower panel). This scenario
suggest that M. ravelobensis underwent a demographic expansion during the LGM, and that M.
murinus has colonized northwestern Madagascar during the late Pleistocene (founder event at
around 70 kyr BP) and expanded into northwestern IRSs towards the LGM. A late Pleistocene
colonization of the northwestern Madagascar by M. murinus would be in congruence with a
previous molecular study based on modeling mitochondrial DNA diversity in the region (29).
However, this scenario also suggests that both mouse lemur species underwent a demographic
decline during the AHP. One possible explanation for such an effect could be increasing levels of
competition between the two ecologically similar species that can be expected to occur after the
expansion of M. murinus into a region that was previously inhabited only by one mouse lemur
species (M. ravelobensis, 29, 30). New patterns of habitat partitioning and direct or indirect species
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interactions may have evolved around this time that precluded maintaining large population sizes
in both species. In addition, M. murinus should also have encountered increasingly unfavorable
conditions during the wetter AHP, because this species, despite being a habitat generalist, is known
to favor drier microhabitats in northwestern Madagascar (31, 32).
Alternatively, if the climate in northwestern Madagascar during the LGM was more arid
and cooler leading to forest contraction (conventional view; 11–13, 19), the scenario assuming
changes in population connectivity in a structured population under constant population size (i.e.
IICR under simulations; Figure 4.1 middle panel) would explain better the findings. This scenario
assumes higher levels of population connectivity for M. ravelobensis during the LGM, but lower
levels across most parts of the AHP. Based only on climate, such a situation is unlikely because
the AHP was characterized by high moisture levels in northwestern Madagascar (20), that may
have resulted in an increase of suitable habitats for M. ravelobensis that is known to favor humid
microhabitats (31, 32). For M. murinus, the structure scenario points towards higher levels of
population connectivity during the LIG and AHP and lower levels during the LGM, which would
be congruent with the conventional paleoecological view. However, this scenario assumes that
population sizes were stationary since the LIG, contradicting the expectations for a late
colonization of northwestern Madagascar by this species (29). Such a scenario would therefore
imply that M. murinus has arrived in the region before the LIG and the colonization may not have
been as recent as previously thought. It should be emphasized that systematic simulations on the
consequences of a founder event and a subsequent spatial expansion on the dynamics of the IICR
given a structured population model are not yet available. Moreover, the two alternative scenarios
developed here are endpoints on a scale of possible events, and mixed scenarios including
structured populations that may have undergone population size changes across time may
ultimately reflect best the historic population dynamics of mouse lemurs in northwestern
Madagascar. To ultimately decide on the most realistic evolutionary scenarios for both mouse
lemur species, more detailed and undisputable data will be necessary on the paleoenvironmental
changes across time within the forest habitats of mouse lemurs in northwestern Madagascar,
including the extent, composition and dynamics of forest types, like the ones available now from
Lake Maudit in Montagne d’Ambre National Park (chapter 2, see above).
In summary, the comparison of the demographic dynamics of the three study species
revealed different species-responses to the same climatic event, as a result of different habitat
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dynamics, species ecological preferences or distinct evolutionary history. Assuming that LGM was
cooler and drier across the entire island, the three mouse lemurs species underwent either a decrease
of population size (M. arnholdi) or a decrease of population connectivity (M. murinus and M.
ravelobensis), although the model that best explained the dynamics of the three species relied in
different assumptions (panmixia or structure). If considering different climatic conditions during
the LGM between the highland and lowland areas, opposite demographic responses are then
expected between the highland-adapted species (M. arnholdi; population bottleneck) and the
lowland-adapted species (M. murinus and M. ravelobensis; spatial and demographic expansion).
As previously mentioned, there are evidences that environmental conditions during the AHP were
the same across the entire Madagascar (chapter 2; 11, 12, 20), however distinct demographic
dynamics were also observed for this period and discrepancies were partly explained by species
habitat preferences or by species competition. Altogether, these results show that the demographic
trajectories of mouse lemurs are strongly impacted by climatic changes, but are also dependent of
other important ecological and evolutionary factors, resulting in a distinct and complex
demographic trajectories among species of the same genus.
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Figure 4.1. Summary of the demographic dynamics inferred for M. arnholdi (ARN), M. ravelobensis
(RAV) and M. murinus (MUR) during the last Interglacial (LIG, ~ 112 – 132 kyr), Last Glacial Maximum
(LGM, ~ 19 – 26.5 kyr), African Humid Period (AHP, 15.2 ~ 5.5 kyr) and the late Holocene (< 4.2 kyr).
The panmictic model represents exclusively changes in population size and the structure model changes in
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population connectivity in a structured population (n-island) with constant Ne. Upper panel: the
demographic history of M. arnholdi is well explained by the panmictic model, i.e. by a population bottleneck
during the LGM followed by a population expansion at the AHP and a recent decline. Middle panel: best
fitting demographic scenario for M. ravelobensis and M. murinus considering the conventional climate view
(= structured model). The two species exhibited high levels of population connectivity during the LIG and
low levels during the LGM, but opposite responses during the AHP and late Holocene. Lower panel: best
fitting demographic scenario for M. ravelobensis and M. murinus considering the new climate view, i.e. a
cooler but wetter LGM (= panmictic model). The two species exhibited a population expansion during the
LGM and a subsequent population collapse starting at the AHP and lasting until the present days. ↑ = high;
↓ = low; MIG = migration rate.

4.2. Applicability of different demographic approaches
Several alternative demographic approaches were used to infer the demographic history of
three mouse lemur species. Most of the currently available approaches to infer demography are
based on simplified assumptions. Specifically, the PSMC and Stairway Plot methods assume that
the observed data stems from a panmictic population (33, 34). However, violations of model
assumptions (i.e. the existence of population structure and migration among sub-populations) can
be expected in natural populations, and have been shown to bias demographic interpretations (see
35–38).
The PCMC has become a popular method to infer demographic history (e.g., 4, 5) and it
has been implemented in several recent lemur studies (e.g., 39, 40). However, with the exception
of one study that evaluated by simulations of various population parameters if the demographic
history of human populations (= IICR under the structure model) could be entirely explained by
changes in population connectivity (41), the effect of population structure has long been neglected.
This thesis constitutes one of the first studies exploring the IICR framework in parallel to the PSMC
to evaluate alternative demographic interpretations for animal populations. In the second chapter,
the demographic history of M. arnholdi assuming panmixia was in good agreement with the
paleoenvironmental reconstructions, and the PSMC dynamics were therefore explained as a result
of population size changes. In contrast, the demographic history of M. murinus and M. ravelobensis
could be potentially explained by the two alternative scenarios each, one assuming panmictic
populations and one assuming a structured population model (n-island model), and the lack of
indisputable paleoenvironmental data precludes a final decision for one of them. Following
previous publications, however, the result may have been prematurely interpreted as a result of
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population size change. It can be concluded that the parallel analysis of these two different
approaches is highly complementary and crucial to explore alternative demographic scenarios.
Only such an integrated approach will, in the presence of suitable environmental reconstructions,
provide reliable support to identify the most likely evolutionary dynamics. Therefore, it is highly
recommended to explore the consequences of varying model parameters (e.g., number of islands,
sampling scheme, changes in connectivity) in a structured population model in parallel to applying
the PSMC method to genomic data. Given that PSMC method rely on recombination events to
estimate the Ne and these events become rare in recent times, this method, however, cannot provide
information about the species trajectories during the last generations (33, 42).
The Stairway Plot has been widely used to investigate changes in Ne using data from a
population (e.g., 4, 43). It was shown in the second chapter, however, that this method failed to
accurately date the demographic events that were expected for M. arnholdi. Moreover, in the third
chapter, the Stairway Plot suggested a rather similar general demographic history for M. murinus
and M. ravelobensis, thereby contradicting the PSMC results and demonstrating again
incongruence between the two methods. Incongruences in demographic inferences using a whole
genome (e.g., MCMC) and SFS method (e.g., SMC++) were previously reported by other authors
(see 42, 44). Several explanations were proposed to explain the limited performance of the Stairway
Plot, in particular violations to the model assumptions (i.e. existence of population structure or
complex demographic histories; 42, 45) or methodological limitations due to its sensitivity to the
number of loci and individuals used to estimate the Site Frequency Spectrum (4, 46). However, a
large number of loci (> 106 loci including monomorphic sites) was used for the estimation of the
SFS for all three mouse lemur species and could not explain the present findings. The potential
impact of varying sample size on Stairway Plot performance was investigated using the M. murinus
and M. ravelobensis datasets (chapter 3). The results confirm that this method is indeed very
sensitive to the number of individuals used in the analyses. In the original study (34), the authors
considered populations larger than 100 individuals. However, datasets smaller than the ones
considered by the authors (and by this thesis) are often seen in the literature in various animal
models (e.g., 4, 43). Although there is no minimum number of individuals to be considered for the
Stairway Plot, the results from this thesis suggest that this method should be used with caution, at
least when analyzing small samples (n < 30; but see 47).
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In the recent years, there is a trend towards the test of more realistic and complex
demographic models to estimate parameters under alternative demographic scenarios within the
coalescence framework (e.g., Ne, migration rates, split times; 48). In the second chapter, a
composite-likelihood approach (fastsimcoal2; 49) was used to compare 13 alternative demographic
models for M. arnholdi. Although the use of the SFS as a summary statistic has been criticized by
some authors (see 47), the results showed a good fit between the estimates obtained under the best
model and the paleoenvironmental reconstructions. The fastsimcoal2 approach showed to be a
useful (but time-consuming) tool to provide information about complex demographic events for
the recent past (< 5 kyr BP in the present study; and 6 kyr BP in (50)). But this approach was also
used to infer more ancient demographic events in other studies (e.g., 45 kyr BP in (51) and 367 kyr
in (43)). The major benefit of fastsimcoal2 lies in the fact that it allows to directly compare and
rank competitive demographic models with or without population structure and therefore allows to
identify the most likely demographic scenario for the study population even in the absence of
paleoecological data (e.g., 43, 50, 51).
In addition to the methods considered in this thesis, a wide range of approaches are available
to infer demographic history from genomic data, either from whole-genome sequences or from a
reduced representation of the genome (e.g., RADseq, RNAseq; 52, 53), and are summarized in the
Figure 4.2.
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Figure 4. 2. Summary of the methods currently available to reconstruct demographic histories from genomic
data: whole-genome sequences or reduced representation of genomes. The different colors correspond to
the age of the inferred demographic event by each method: ancient, recent or both. The dashed lines
highlights the methods that uses both genomic datasets. WGS = Whole-Genome Sequences; RADseq =
Restriction Site Associated DNA sequencing; P/MSMC = Pairwise/ Multiple Sequentially Markovian
Coalescent; MAGIC = Minimal Assumption Genomic Inference of Coalescence; G-PhoCS, Generalized
Phylogenetic Coalescent Sampler; ABC, Approximate Bayesian Computational inference; SFS = Site
Frequency Spectrum based methods; IBD = Identity By Descent methods; IBS = Identity By State methods.

In general, demographic modeling approaches benefit largely, if complementary and
relevant paleoenvironmental data are available for the study region. The emerging multidisciplinary benefits were particularly prominent in the study on M. arnholdi (chapter 2). The
combination of paleoenvironmental proxies from Lake Maudit with the genomic data allowed i)
the inference of the best demographic scenario for M. arnholdi, ii) the comparison of the
applicability and sensitivity of different demographic approaches (Stairway Plot, PSMC, IICR
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simulations and fastsimcoal2) with confidence, and iii) to propose a valid generation time for
mouse lemurs (2.5 years; 54). In contrast, the lack of paleoenvironmental records reaching back to
the late Pleistocene in northwestern Madagascar limited the demographic interpretations in the case
of M. murinus and M. ravelobensis. Nevertheless, the two alternative demographic scenarios
(panmixia vs structure) allowed one to derive a potential new hypotheses for paleoecological
dynamics in the region. This project therefore strongly encourages the further use of
multidisciplinary datasets, mainly in studies focused on the southern hemisphere for which little is
still known about past environmental changes (7, 8, 55).

4.3. Conservation implications
This thesis provided insights in the responses of three mouse lemur species to past climatic
changes. All three species possibly underwent repeated population contractions and expansions
during the late Quaternary, and are still found in viable larger populations at present. This may
provide hope for a long-term persistence of these small, nocturnal, forest-dwelling lemurs in view
of the climatic changes that the world is facing today. However, the ongoing and future climatic
change, in particular the projected rise in temperatures across this century and beyond, is faster
than that observed during the late Quaternary (e.g., 56). This development imposes a serious
challenge to biodiversity conservation, since the fundamental ecological niches of most species
have a limited breadth and may not be changed quickly enough by means of adaptive processes to
accommodate the accelerated rates of ongoing and future climate change (56, 57). Only within the
limits of the fundamental ecological niche, populations can shift their realized ecological niches
flexibly and thereby quickly follow changes in temperature and rainfall (58, 59). The ability of
species to keep pace with climatic change depends on species-specific tolerance to new
environmental conditions (i.e. niche breadth) or to disperse across heterogeneous landscapes and
track new suitable habitats (reviewed in the chapter 1; 58, 60, 61). Even if such movements may
have been possible during Quaternary environmental changes, current range shifts will be
constrained or even impossible for many species due to the enormous degree of habitat loss and
fragmentation in Madagascar that precludes long-distance movements for many species (3, 62, 63).
These challenges will threaten the persistence of many species within the next decades, in particular
those that are temperature-sensitive (58, 64–66). When evaluating the future perspective of tropical
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forest species, it is also essential to know which ecological parameter will change together with the
projected rise in temperatures. For example, if higher temperatures coincide with less precipitation,
entire forest ecosystems may decline or collapse and may have deleterious consequences for its
inhabitants. Overall, habitat generalists such as M. murinus can be expected to be under less
pressure than habitat specialists such as M. ravelobensis or M. arnholdi. Moreover, species
currently restricted to small areas (M. ravelobensis and M. arnholdi) are then likely more
vulnerable to future environmental changes than species with larger distributions like M. murinus
(63, 67). It was predicted that under ongoing climate change, many temperate species may be
forced to move into highlands and to significantly shrink their ranges (64, 67) largely in line with
the evolutionary “refugia” hypothesis.
According to the last IUCN assessment (2020), 17% of the mouse lemur species are already
classified as Critically Endangered (CR), 42% as Endangered (EN), 29% as vulnerable (VU;
including M. ravelobensis and M. arnholdi) and only three out of 24 species were listed as Least
Concern (LC; including M. murinus; https://www.iucnredlist.org; note that the conservation status
of the recently discovered M. jonahi is unknown). Previous demographic studies available for
mouse lemurs together with the new data generated in this thesis (summarized in Table 4.1) suggest
that mouse lemurs are strongly impacted by both natural climatic cycles and anthropogenic changes
in the landscape (this study; 1, 29, 68, 69). Moreover, the population genomic analyses performed
in this thesis suggest a small-scale pattern of isolation-by-distance for all studied mouse lemur
species. These findings suggest limited dispersal distances and/or rates of mouse lemurs not only
across fragmented landscapes but also across continuous habitats. However, previous work has
shown that the movement of individuals is more constrained and limited in fragmented landscapes
modified by human activities (29, 32). A limited dispersal capability, if coupled with small
population sizes, can result in a genetic impoverishment of populations and in a loss of evolutionary
potential to adapt to new environmental conditions (61, 70). It is therefore essential to formulate
suitable conservation actions to mitigate the anticipated negative effects of climate change on lemur
long-term survival. One important step would be to maintain or reestablish connectivity among
mouse lemur populations distributed across highly fragmented landscapes to facilitate tracking of
environmental change (58). This could be achieved by the establishment of dispersal corridors,
e.g., by reforestation or by crown-bridging that can facilitate wildlife passages across roads among
essential stepping-stones populations (71, 72). Additionally, efforts should be made to stop the
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ongoing habitat destruction, for instance by supporting local communities and small producers to
implement new agricultural practices (73).

Table 4.1. Bibliographic review of demographic studies available for mouse lemur species. NW =
northwest; SW = southwest; N = north; S = south; NE = northeast; SSR = Single Short Repeats (or
microsatellites); mtDNA = mitochondrial DNA; WGS = Whole Genome Sequences; kyr = thousand years;
Myr = million years.
*Note: The results for M. ravelobensis and M. murinus assumes panmixia. However, the demographic

history of both species may also be explained by a structured model assuming constant population size but
changes in population connectivity (Connectivity changes for M. ravelobensis: 338.9 kyr, 135.6 kyr, 27.1
kyr, 20.1 kyr and 7.9 kyr BP; For M. murinus: 129.1 kyr, 42.7 kyr, 30.7 kyr, 13.7 kyr and 5.1 kyr BP).
Species

Site

Dataset

M. bongolabensis

NW

SSR

SW/S

mtDNA

M. danfossi

NW

SSR

M. murinus

NW

mtDNA

D and Fs

M. murinus

SW/S

mtDNA

BSP

M. ravelobensis

NW

SSR

M. jonahi

NE

M. mittermeieri

NE

M. griseorufus

M. arnholdi

WGS;
RADseq
WGS;

M. murinus

NW

Reference

MSVAR1.3

bottleneck (< 0.2 kyr)

(68)

BSP

constant pop size

(69)

MSVAR1.3

bottleneck (< 0.1 kyr)

(68)

MSVAR1.3
MSCM;
G-PhoCS

2 expansions
(26 - 33; 0.3-14 kyr)
expansion (1 Myr) &
bottleneck (160 kyr)

(29)
(69)

bottleneck (< 0.5 kyr)

(68)

bottleneck (1 Myr)

(1)

expansion (> 1 Myr) &

RADseq

G-PhoCS

bottleneck (100 kyr)

RADseq

Stairway Plot,
PSMC, IICR,
fastsimcoal2

bottleneck (> 25 kyr),
expansion (25 kyr) &
bottleneck (5; 1 kyr)

this study

Stairway Plot,
PSMC, IICR

expansion (> 130 kyr)
& bottleneck (10 kyr)

this study *

Stairway Plot,
PSMC, IICR

bottleneck (> 130 kyr),
expansion (70 kyr),
bottleneck (25 kyr),
expansion (10 kyr),
bottleneck (3chapter
kyr)

this study *

N

NW

Demographic event

MSCM;

WGS
M. ravelobensis

Method

RADseq
WGS

RADseq
WGS

(1)
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4.4. Conclusions and future perspectives
This thesis is the first to provide direct multidisciplinary evidence for a strong impact of
paleoecological changes on the evolutionary history of three different mouse lemur species in
Madagascar. It is becoming increasingly clear that high altitude areas on the island played an
important role during the Pleistocene by acting either as refugia in case of rainforest species (this
study, 13, 15) but also as colonization routes facilitating long-distance spatial expansions (this
study, 13, 74). However, while past environmental changes are reasonably well documented in the
case of the highlands, the paleoenvironmental conditions during the LGM and earlier times in the
lowlands remain unclear or even disputed.
This project suggests that the LGM may have differentially impacted northern highland and
northwestern lowland habitats and thereby influenced the evolutionary trajectories of mouse lemur
species inhabiting the highland and lowland areas in different ways, but future paleoecological
studies are certainly needed to clarify this question. Such pattern, if supported by future studies,
would suggest that Pleistocene climatic oscillations may have had regionally different effects on
Malagasy forest ecosystems, a phenomenon that was already suggested for other tropical regions
(e.g., southern Africa: (9); southern America: (6)). Additionally, it was shown for the first time that
the AHP strongly impacted the demography of mouse lemurs and this period should be more
prominently considered in future biogeographic studies on other Malagasy taxa. Altogether, these
results contribute to a better understanding of the impact of late Quaternary changes on forestdwelling animals in Madagascar and possibly other parts of the world, and the results have
implications for the management and conservation of mouse lemurs and other small mammals, in
particular for those living in relic populations.
I would like to finish this dissertation with a retrospection about the questions that
remained unsolved in the case of northwestern Madagascar (chapter 3) and that should be addressed
in the near future. First, the sampling of M. murinus and M. ravelobensis must be extended to other
populations within the Ankaranfantsika NP and to the only other larger remaining forest patch,
Mariarano Classified Forest, in order to comprise the entire sympatric range of the two species.
This would enable to investigate and compare the genetic diversity among the two species, to
investigate spatial connectivity patterns in more depth and to identify potential routes of dispersal
among forest patches for both species. Second, landscape genetic studies are needed to clarify the
role of natural landscape features (e.g., rivers, savannah, elevation) and anthropogenic features
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(e.g., roads, tows, agricultural fields) as promotors or as barriers to gene flow in mouse lemurs.
Third, a demographic modeling approach similar to the one applied in chapter 2 to M. arnholdi
(e.g., fastsimcoal2) should be extended to M. murinus and M. ravelobensis in order to compare the
likelihood of the two alternative demographic scenarios proposed for each species. Additionally,
demographic analyses could be expanded to other mouse lemurs species restricted to the
northwestern lowlands (e.g., M. bongolavensis or M. danfossi) to investigate if those species
underwent comparable demographic dynamics. Finally, high resolution and deep-time
paleoenvironmental proxies are urgently needed for northwestern Madagascar to complement the
genomic results and to help to disentangle anthropogenic from natural signatures of habitat change.
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